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The Kv3.1 potassium channel can be distinguished from most 
other delayed rectifier channels by its very high threshold of 
activation and lack of use-dependent inactivation. This allows 
neurons that express this channel to fire at very high frequen- 
cies. We have now found that this feature of the Kv3.1 channel 
is strongly influenced by its constitutive phosphorylation by the 
enzyme casein kinase II. Using stably transfected Chinese 
hamster ovary cells expressing Kv3.1, we show that Kv3.1 is 
highly phosphorylated under basal conditions. Whole-cell 
patch clamp recordings were used to characterize the electro- 
physiological consequence of dephosphorylation using alkaline 
phosphatase. This enzyme produced an increase in whole-cell 
conductance and shifted the voltage dependence of activation 
to more negative potentials by >20 mV. In addition, a similar 
shift in the voltage dependence of inactivation was observed. 



Kv3.1 is a voltage-dependent, delayed rectifier potassium channel 
that is expressed in neurons that are capable of firing trains of 
action potentials at very high rates and is expressed at high levels 
in the auditory brainstem, including the medial nucleus of the 
trapezoid body (MNTB) (Perney et al., 1992; Weiser et al., 1995; 
Wang et al., 1998a,b). The Kv3.1 channel has several unique 
biophysical properties that distinguish it from most other mem- 
bers of the Shaker potassium channel family (Luneau et al., 1991; 
Vega-Saenz de Miera et al., 1992; Kanemasa et al., 1995). These 
include a high threshold for activation, rapid time constants, and 
the lack of use-dependent inactivation. All of these characteristics 
contribute significantly to its physiological role in MNTB neu- 
rons, where its presence is required for neurons to follow very 
high-frequency stimuli (Brew and Forsythe, 1995; Wang et al., 
1998a). The presence of a Kv3.1-like current in MNTB neurons 
allows action potentials to repolarize at high frequencies without 
affecting the height of the action potential and confers on these 
cells the ability to phase -lock to high-frequency synaptic and 
electrical stimuli. This high- threshold K + current in MNTB is, 
like Kv3.1, selectively blocked by low concentrations of TEA, and 
has been identified with the Kv3.1 channel based on its localiza- 
tion, pharmacological, biophysical characteristics, and by genetic 
knock-out approaches (Perney et al., 1992; Brew and Forsythe, 
1995; Perney and Kaczmarek, 1997; Wang et al., 1998a,b; Macica 
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These findings were also confirmed in native Kv3.1 channels 
expressed in medial nucleus of the trapezoid body (MNTB) 
neurons. Furthermore, inhibitors of casein kinase 2 mimicked 
the effect of phosphatase treatment on voltage-dependent ac- 
tivation and inactivation, whereas inhibitors of protein kinase C 
failed to alter these parameters. The combination of biochem- 
ical and electrophysiological evidence suggests that the bio- 
physical characteristics of Kv3.1 that are important to its role in 
MNTB neurons, allowing them to follow high-frequency stimuli 
with fidelity, are largely determined by phosphorylation of the 
channel. 

Key words: Kv3. 1; potassium channel; constitutive phosphor- 
ylation; casein kinase; MNTB neuron; voltage dependence of 
activation; voltage dependence of inactivation 



et al., 2000). Moreover, changing the amplitude of this current in 
MNTB neurons by pharmacological manipulation, or in 
computer-based models of MNTB neurons, reveals that altering 
the levels of Kv3.1 strongly influences the fidelity of the transmis- 
sion of high-frequency synaptic inputs and the ability of the 
MNTB synapse to transmit information during repetitive stimu- 
lation (Brew and Forsythe, 1995; Kanemasa et al., 1995; Wang 
and Kaczmarek, 1998; Wang et al., 1998a). 

The presence of multiple putative phosphorylation sites in the 
Kv3.1 amino acid sequence suggests that modulation of Kv3.1 
may occur in MNTB neurons. We have now examined the mod- 
ulation of Kv3.1 by protein kinases using both biochemical and 
electrophysiological techniques in Kv3.1 transfected cells and in 
neurons. We have found that the Kv3.1 channel protein exists as 
a constitutive ly phosphorylated protein and that the key biophys- 
ical parameters that allow Kv3.1 to function as a high-threshold 
current in rapidly firing neurons depend on this basal phosphor- 
ylation. Although previous work has shown that the amplitude of 
Kv3.1 may be modulated by protein kinase C (PKC) (Critz et al., 
1993; Kanemasa et al., 1995), our present findings indicate that 
the basal characteristics of the current, including its voltage 
dependence of activation and inactivation are influenced by basal 
phosphorylation by casein kinase 2 (CK2). 

MATERIALS AND METHODS 

Electrophysiological recordings from Chinese hamster ovary cells. The 
stable transfection of Kv3.1 into Chinese hamster ovary (CHO) cells has 
been previously described (Wang et al, 1998a). CHO cells with DHFR 
deficiency (CHO/DHFR(— )) were maintained in Iscove's modified Aul- 
becco's medium (Life Technologies, Gaithersburg, MD) supplemented 
with 10% fetal bovine serum, 0.1 mM hypoxanthine, and 0.05 mg/ml 
geneticin (Life Technologies) and maintained in a 5% C0 2 incubator at 
37°C. CHO cells were grown on coverslips 24-48 hr preceding recordings 
and transferred to extracellular solution (in mM: 140 NaCl, 1.3 CaCl 2 , 5.4 
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KC1, 25 HEPES, and 10 glucose, pH 7.4) 1 hr before recording. Voltage- 
clamp recordings were made in the whole-cell configuration, using an 
Axopatch 2D amplifier (Axon Instruments, Foster City, CA). The patch 
electrodes were pulled from thin-walled, borosilicate glass capillaries 
with filament (World Precision Instruments, Sarasota, FL) using a Nar- 
ishige P-83 two-stage puller and had a resistance of 3 Mfl when filled 
with intracellular solution (in mM: 32.5 KC1, 97.5 K- Gluconate, 5 EGTA, 
and 10 HEPES, pH 7.2) supplemented with 2 mM ATP and 0.2 mM GTP, 
unless otherwise noted. For phosphatase experiments, 5 U of calf intes- 
tinal alkaline phosphatase (Boehringer Mannheim, Indianapolis, IN) 
was included in the intracellular solution and allowed to dialyze into the 
cell over a period of 30 min. All data were low-pass filtered at 2 kHz, 
digitized using a Digidata 2000 analog- to-digital converter (Axon Instru- 
ments), and were stored on hard disk. The compensation for series 
resistance was set at 85% with a lag of 10 jitsec. Unless noted, currents 
were leak-subtracted by the P/4 protocol, and data were analyzed using 
pClamp6.0 software. Conductance values were obtained by dividing the 
current by the electrochemical driving force (I K /(V m — £ k )). Normalized 
conductance -voltage plots were obtained by normalizing conductance 
(G) to maximal conductance (G max ) and fit using the nonlinear least- 
squares fit of a Boltzmann isoform G = G max /[1 + exp (V — V V2 /k)], 
where V 1/2 is the voltage at half -maximal activation, and k is the slope 
factor. Although recordings were partially corrected for series resistance 
(—85%), no compensation for additional errors was performed. We 
estimate that residual uncorrected errors in the estimates of the shift in 
voltage dependence of activation should be minimal. In particular, this 
value is most affected by current detectable near the threshold of acti- 
vation, where the calculated maximal error is <1 mV. Conductances 
were normalized to those measured at a membrane potential of +60 mV, 
which was designated as K max . Because Kv3.1 current is relatively non- 
saturating even at very positive potentials, and the current density in our 
expression system is high, only those experiments in which the currents 
did not exceed the output of the amplifier at +60 mV were used in this 
analysis (Kanemasa et al., 1995). 

Inactivation curves for Kv3.1-transfected CHO cells were obtained by 
a 200 msec test pulse to 40 mV, preceded by 30 sec prepulses ranging 
from —80 to +20 mV in 20 mV increments. The holding potential was 
kept at -80 mV. Data were fit using the Boltzmann isotherm. To ensure 
full recovery of inactivated currents between trials, the cells were given 
a 1 min recovery period at -80 mV. Average data are expressed as 
means ± SE. It should, however, be noted that because a 2 min prepulse 
potential at —40 mV was used to exclusively study the native high- 
threshold component of outward K current in MNTB neurons, we also 
conducted preliminary experiments in CHO cells after phosphatase 
treatment using a 2 min prepulse at —40 mV. After a prepulse potential 
to —40 mV for 2 min, channels were inactivated in excess of 50 when 
current was evoked at a test potential of +20 mV. 

Phorbol 12-myristate 13-acetate (PMA), l-[5-isoquinolinesulfonyl]-2- 
methyl piperazine (H-7), A^-(2-aminoethyl)-5-chloronaphthalene-l-sul- 
fonamide-HCl (A3), and 5,6-dichloro-l-j3-D-ribofuranosylbenzimidazole 
(DRB) were obtained from Calbiochem (San Diego, CA). 

Preparation of brainstem slices. Brains were rapidly removed from 
postnatal 9- to 14-d-old rats, after decapitation and placed into ice-cold 
bicarbonate-buffered artificial CSF (ACSF) (in mM: 125 NaCl, 2.5 KC1, 
26 NaHC0 3 , 1.25 NaH 2 P0 4 , 2 Na pyruvate, 3 myo-inositol, 10 glucose, 2 
CaCl 2 , and 1 MgCl 2 , pH 7.4) solution gassed with 95% 0 2 and 5% C0 2 . 
The area of the brainstem containing MNTB nuclei was cut into four to 
six transverse slices using a vibrotome. The slices were incubated at 37°C 
for 1 hr and thereafter kept at room temperature (22-25° C). 

Electrophysiological recordings from MNTB. One slice was transferred 
to a recording chamber mounted on an Olympus microscope fitted with 
No mar ski optics and a 60 X water immersion objective. The chamber was 
continually perfused (1 ml /min) with gassed ACSF. Whole-cell voltage 
clamp recordings were made from visually identified MNTB neurons as 
described in CHO cells. Current-clamp experiments were conducted 
using an Axopatch 2D amplifier. Intracellular solution contained 32.5 mM 
KC1, 97.5 K-gluconate, 5 mM EGTA, 10 mM HEPES, and 1 mM MgCl 2 , 
pH 7.2. The extracellular calcium concentration was lowered to 0.5 mM 
to minimize the contribution of calcium-activated K channels, and TTX 
(0.5 /xm) was included in the ACSF to block sodium currents. The mean 
cell capacitance was 12.0 ± 0.4 pF with a mean series resistance of 5.3 ± 
0.4 MCI. Total current was compared before and after addition of 
activators of PKC in the presence and absence of PKC inhibitors. 
Averaged data are expressed as means ± SE. Conductance and normal- 
ized conductance values were obtained as described above. 
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Metabolic labeling and immunoprecipitation. Stably transfected CHO 
cells expressing Kv3.1 or untransfected cells were grown to 80% 
confluence. Cells were preincubated with methionine-deficient 
DM EM (Life Technologies) plus 25 mM HEPES for 30 min, which was 
replaced with fresh media supplemented with 100 jutCi/ml of [ 35 S]me- 
thionine (Amersham, Arlington Heights, IL). Medium was removed, 
and cells were washed three times with ice-cold PBS. Cells were lysed 
with RIPA buffer (150 mM NaCl, 1.0% Nonidet P-40, 0.5% deoxy- 
cholate, 0.1% SDS, and 50 mM Tris, pH 8.0) containing a protease 
inhibitor cocktail (Boehringer Mannheim) and phosphatase inhibitors 
(100 jutM NaF and 0.2 mM NaV0 3 ), and allowed to incubate on a 
rocking platform for 30 min at 4°C. Lysates were spun in a microfuge 
for 15 min, and the supernatant was transferred to a new tube. Lysates 
were precleared with a 50% slurry aliquot of protein A Sepharose 
beads (Pharmacia Biotech, Piscataway, NJ), followed by incubation 
with a specific anti-Kv3.1 antibody at 1:1000 dilution, 4°C, overnight 
(Perney and Kaczmarek, 1997). Lysates were immunoprecipitated with 
protein A Sepharose beads for 2 hr at 4°C, spun, and washed three 
times in Triton X-100 buffer (0.1% Triton X-100, 0.1% SDS, 300 mM 
NaCl, and 50 mM Tris, pH 7.5). For those samples treated with 
alkaline phosphatase, beads were resuspended in 50 jid of phosphatase 
buffer (50 mM Tris-HCl, pH 8.0, 5 mM MgCl 2 , 100 mM NaCl, and 5% 
glycerol), and the reaction was initiated by the addition of 5 U//xl 
phosphatase. Samples were incubated for 1 hr at 37° C, followed by 
three washes with Triton X-100 buffer. All samples were eluted by boil- 
ing in IX SDS-PAGE sample buffer (62.5 mM Tris, pH 6.8, 4% SDS, 
10% glycerol, 0.02% bromophenol blue, and 4% /3-mercaptoethanol) 
for 5 min. Samples were subjected to SDS-PAGE on a 7.5% gel. The 
gel was fixed with 10% acetic acid and 50% methanol for 1 hr, washed, 
and soaked in Amplify (Amersham). The gel was dried, and labeled 
peptides were visualized by fluorography. 

For 32 P metabolic labeling, stably transfected CHO cells expressing 
Kv3.1 were labeled metabolically with [ 32 P]orthophosphate. Stably trans- 
fected CHO cells were grown to 70-80% confluence in Iscove's media. 
Cells were preincubated with phosphate-deficient DM EM (Life Tech- 
nologies) plus 25 mM HEPES for 30 min, which was replaced with fresh 
media supplemented with 500 jutCi/ml of carrier-free [ 32 P]orthophos- 
phate (Amersham) and allowed to incubate to equilibrium. Cells were 
then subjected to agonist stimulation for 15 min, medium was removed, 
and cells were washed three times with ice-cold PBS. Cells were lysed, 
immunoprecipitated, and subjected to SDS-PAGE as described above. 
Immunoprecipitates treated with alkaline phosphatase were performed 
as described above. The gel was fixed as above, dried, and bands were 
visualized by autoradiography. 

Phosphoamino analysis. Stably transfected CHO cells expressing 
Kv3.1 were labeled metabolically with [ 32 P]orthophosphate. Lysates 
were prepared, immunoprecipitated, and electrophoresed as above. 
The gel was transferred to a polyvinylidene difluoride (PVDF) mem- 
brane, and the Kv3.1 protein band was visualized by autoradiography. 
The bands corresponding to Kv3.1 were excised, rehydrated with 
methanol, and hydrolyzed with 6N HC1 for 1 hr at 110°C. The samples 
were spun in a microfuge, decanted, and lyophilized. The lyophilized 
sample was resuspended in 10 fA of pH 1.9 buffer (2.5% formic acid 
and 7.8% acetic acid) containing 5 mM each of phosphoamino acid 
standards. The sample was spotted 1.5 cm from the edge of a 10 X 10 
cm cellulose TLC plate (Macalaster Bicknell, New Haven, CT) and 
analyzed by two-dimensional high-voltage electrophoresis. The sample 
was run in the first dimension for 45 min at 1000 V. The plate was dried 
and re-wet with pH 3.5 buffer (0.5% pyridine and 5.0% acetic acid) and 
run in the second dimension for 15 min at 1000 V. The plate was dried, 
and standards were visualized by ninhydrin (0.2% solution in acetone) 
for 5 min in an 80°C oven. The sample phosphoamino acids were 
visualized by autoradiography. 

RESULTS 

Kv3.1 is constitutively phosphorylated 

Kv3.1 has 11 putative PKC phosphorylation sites and 10 puta- 
tive CK2 sites. The direct incorporation of phosphate into the 
Kv3.1 channel protein has not been demonstrated, although 
the amplitude of Kv3.1 current has been shown to decrease in 
response to activators of PKC in several heterologous expres- 
sion systems (Critz et al., 1993; Kanemasa et al., 1995). We 
therefore examined phosphorylation of Kv3.1 expressed in 
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Figure 1. In vivo phosphorylation of Kv3.1 in CHO cells. CHO cells 
expressing Kv3.1 were radiolabeled with [ 32 P]orthophosphate to equi- 
librium, stimulated with or without 100 nM PMA for 15 min, and lysed. 
Lysates were immunoprecipitated with anti-Kv3.1 antibody (lanes 1, 2). 
An additional 32 P-labeled Kv3.1 sample was subjected treatment of the 
immunoprecipitated phosphoprotein with calf intestinal alkaline phos- 
phatase (AP) for 1 hr at 37°C (lane 3). Samples were run on a 7% 
SDS-PAGE gel, and samples were visualized by autoradiography (right 
panel). Mobility of molecular weight markers is shown on left. Phos- 
phoamino acid analysis of the Kv3.1 channel protein. Lysates were 
prepared, immunoprecipitated, and electrophoresed as above. The gel 
was transferred to a PVDF membrane, and the Kv3.1 protein band was 
visualized by autoradiography. The bands corresponding to Kv3.1 were 
excised, rehydrated with methanol, and hydrolyzed with 6N HC1 for 1 
hr at 110°C. Labeled phosphoamino acids were resolved by two- 
dimensional thin layer, the plate was dried, and standards were visu- 
alized by ninhydrin staining and sample phosphoamino acids were 
visualized by autoradiography. 



CHO cells in both the presence and absence of the phorbol 
ester activator of PKC, PMA. Cells stably expressing the 
channel protein were radiolabeled to equilibrium with 
[ 32 P]orthophosphate and then stimulated for 15 min with 100 
nM PMA or vehicle alone. Immunoprecipitation of Kv3.1 re- 
vealed incorporation of 32 P into the Kv3.1 protein, which has a 
molecular mass of — 110 kDa in both stimulated and unstimu- 
lated cells (Fig. 1, left panel, lanes 1 and 2, respectively). 
Immunoprecipitation also yielded an additional band corre- 
sponding to the predicted molecular weight of the unglycosy- 
lated form of the channel protein (80 kDa), which is the size of 
Kv3.1 when it is translated in vitro in the absence of membranes 
(data not shown). Incorporation of 32 P into the Kv3.1 channel 
protein could be completely reversed by treatment of the 
immunoprecipitated phosphoprotein with calf intestinal alka- 
line phosphatase (Fig. 1, left panel, lane 3). 

Of the 21 consensus phosphorylation sites for CK2 and PKC in 
Kv3.1, 9 are serine, and 12 are threonine. We determined the 
incorporation of phosphate into specific amino acids by immuno- 
precipitating Kv3.1 from PMA-stimulated CHO cells radiola- 
beled with [ 32 P]orthophosphate. Immunoprecipitates were then 
subjected to phosphoamino acid analysis. Radioactivity comigrat- 
ing with unlabeled phosphoserine, but not phosphothreonine or 
phosphotyrosine, was detected after acid hydrolysis of 32 P- 
labeled Kv3.1 (Fig. 1, right panel). Similar results were obtained in 
CHO cells that were not stimulated with PMA (data not shown). 
These results indicate that, of the putative consensus sites for 
PKC- and CK2-mediated phosphorylation, only those containing 
serine residues are phosphorylated. 
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Figure 2. A, Current-voltage relationship for Kv3.1 currents recorded 
from CHO cells in the whole-cell configuration during the control period 
of AP treatment (5 U/ml) and 30 min after dialysis in the intracellular 
solution. Currents were evoked by depolarizing the membrane from a 
holding potential of —80 mV to test potentials from —80 to +60 mV in 10 
mV increments, with 20 mV increments shown for raw currents. B, 
Conductance values were obtained by dividing current by the electro- 
chemical driving force (/ K /(Kn ~~ ^k))- Normalized conductance -voltage 
plots were obtained by normalizing conductance (G) to maximal conduc- 
tance (G max ) and fit using the nonlinear least-squares fit of a Boltzmann 
isoform. Summary of normalized conductance -voltage relationship for 
Kv3.1 comparing the control period at t = 0 min to 30 min phosphatase 
treatment (left) or ATP (right). 



Dephosphorylation shifts the voltage dependence of 
activation of Kv3.1 in transfected cells 

To determine the role of basal phosphorylation of the Kv3.1 
protein on its electrical properties, we performed whole-cell patch 
clamp recording in which phosphatase was included in the intra- 
cellular solution over a 30 min recording period. A time- 
dependent increase in macroscopic current was observed in re- 
sponse to alkaline phosphatase (n = 8; Fig. 2A). In control 
recordings (+ATP) without phosphatase, very little change in 
current amplitude occurred over the same time period (see be- 
low). The increase in whole-cell conductance was significantly 
greater at negative potentials, and the threshold of activation was 
shifted to more negative potentials (—40 mV) in all experiments 
conducted. Thus, currents could be evoked at potentials in which 
no current is detectable in control recordings. When the normal- 
ized conductance was plotted as a function of membrane poten- 
tial, the voltage dependence of activation was found to be shifted 
to negative potentials after dialysis with phosphatase. Curves 
were well fit by a single Boltzmann isotherm (Fig. 2B, left). The 
half-activation potential (V l/2 max) for the control period was 
16.9 ± 1.3 mV (k = 13.1 ± 1.1) versus -3.92 ± 1.63 mV (k = 
15.4 ± 1.6) after 30 min dialysis with phosphatase, resulting in a 
total leftward shift of over 20 mV in the voltage dependence of 
activation (n = 4). 

To eliminate the possibility that the shift in voltage dependence 
was attributable to washout of intracellular anions, as has been 
reported for other channels when recorded in the whole-cell 
configuration (Fenwick et al., 1982; Oliva et al., 1988), we dia- 
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Table 1. Effect of inhibitors on voltage dependence of inactivation 
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Figure 3. Steady-state inactivation (h 30 sec ) of Kv3.1. A, Steady-state 
inactivation of Kv3.1 was determined by holding the membrane potential 
from a prepulse potential ranging from -80 to 20 mV for 30 sec to a test 
pulse of 40 mV for 150 msec, with a 1 min period between each prepulse. 
Current amplitude was normalized to the maximum current, and the 
inactivation curve was fit using the nonlinear least-squares fit of a Boltz- 
mann isoform. Treatment and absolute V V2 values are summarized in 
Table 1. B, Left, Evoked current from a holding potential of -40 mV for 
2 min to test potentials from -80 mV to +40 mV in 20 mV increments 
during control period and after AP treatment; right, recovery of current 
from inactivation by stepping from a holding potential of -80 mV in 20 
mV increments from —80 mV to +40 mV. 



lyzed Kv3.1-transfected CHO cells with intracellular solution 
without alkaline phosphatase (AP), but containing 1 niM ATP to 
minimize shifts in voltage dependence associated with dephos- 
phorylation. Only a small change in whole-cell conductance and 
shift in voltage dependence of activation was observed under 
these conditions (Fig. IB, right; n = 6). The potential at which 
Kv3.1 is half activated during the control period was 12.5 ± 0.98 
mV (k = 12.6 ± 0.87 mV) and was 7.7 ± 1.10 mV (k = 14.0 ± 1.09 
mV) after 30 min dialysis. 

Dephosphorylation shifts the voltage dependence of 
inactivation of Kv3.1 in transfected cells 

To determine whether the inactivation characteristics of Kv3.1 
were also affected by dephosphorylation, we used a two-pulse 
protocol to measure voltage dependence of inactivation. A 30 sec 
prepulse to potentials between -80 and 20 mV allowed inactiva- 
tion to develop, and this was followed by a test pulse to 40 mV. In 
the absence of exogenous phosphatase (ATP alone), the potential 
at which Kv3.1 is half inactivated (V 1/2 ) is -9.65 mV (Fig. 3, filled 
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circles). Alkaline phosphatase produced a 20 mV leftward shift in 
the inactivation curve to a midpoint potential of inactivation of 
-31.8 mV (Fig. 3, filled squares). These data are summarized in 
Table 1. Dialysis of CHO cells for 30 min in the presence of ATP 
did not produce the significant shifts in voltage dependence of 
inactivation that were observed with AP treatment, producing 
only modest shifts of V 1/2 to -16.7 ± 2.1 mV (n = 10). 

Because the voltage dependence of inactivation was shifted to 
more negative potentials, we determined the effect on Kv3.1 
current by holding the membrane at —40 mV for 2 min, in 
anticipation of experiments conducted in native MNTB neurons 
(see below). Based on our findings in Figure 3A, we predicted that 
we would see a loss of evoked currents caused by an increase in 
the number of channels in the inactivated state. Indeed, from a 
holding potential of -40 mV in CHO cells expressing Kv3.1, an 
apparent saturation of current was observed after alkaline phos- 
phatase treatment (Fig. 3B, left panel). The onset of steady-state 
inactivation was slow; stepping from a holding potential of -40 
mV for a period ranging from 0 to 2 min resulted in an incre- 
mental decrease in outward current in response to subsequent 
depolarizations (data not shown). Full recovery from the inacti- 
vated state resulted when current was again evoked from a hold- 
ing potential of —80 mV (Fig. 3B, right panel). 

Dephosphorylation of native Kv3.1 current in MNTB 
neurons affects its voltage dependence 

To determine whether the effect of alkaline phosphatase on Kv3.1 
in transfected CHO cells is preserved in MNTB neurons, we next 
tested the effect of phosphatase using the whole-cell configuration 
in brainstem slices. In MNTB neurons, the high-threshold Kv3.1 
current can be discriminated from a smaller, low-threshold out- 
ward current by holding the membrane potential at -40 mV for 
2 min, a potential at which the low-threshold, TEA-insensitive 
component of the outward current is fully inactivated. The high- 
threshold component, corresponding to Kv3.1, accounts for 
>80% of total outward current in MNTB neurons (Wang et al., 
1998a). As previously reported in MNTB neurons, stepping from 
a holding potential of -40 mV to test potentials of -80 to +40 
mV in 20 mV steps, revealed large, outward, noninactivating 
currents, with a threshold of activation of —20 mV (Brew and 
Forsythe, 1995; Wang et al., 1998a). Alkaline phosphatase pro- 
duced an increase in holding current at -40 mV (Fig. 4A,B). The 
increase in holding current is consistent with a shift in the 
activation of Kv3.1 to more negative potentials in response to 
phosphatase. This current at -40 mV after phosphatase treat- 
ment was significantly blocked by 1 mM TEA (Fig. 4A,C), a 
concentration that blocks only the Kv3.1 current but does not 
affect the low- threshold outward currents in MNTB neurons 
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Figure 4. AP shifts the voltage dependence of activation and inactivation 
in MNTB neurons. To discriminate the high-threshold TEA-sensitive 
current from total outward current, the membrane potential was held at 
-40 mV for 2 min; currents were evoked by stepping from a holding 
potential of —40 to +40 mV in 20 mV increments taken at the beginning 
of dialysis of phosphatase (t = 0) and at t = 15 min. A, Top, Reduction of 
current amplitude after AP treatment, leak subtraction was disabled to 
discriminate any changes in the current that may occur at more negative 
potentials; bottom, inhibition of current by 1 mM TEA. B, Summary of 
normalized high-threshold current during control period and 15 min after 
phosphatase treatment (n = 8). All values are mean ± SEM. C, Summary 
of normalized data of the effect of 1 mM TEA on current after AP 
treatment (n = 8). D, Recording from same neuron in^4 showing recovery 
of outward current when current was evoked by stepping from a holding 
potential of —80 to +40 mV in 20 mV increments during the control 
period and after phosphatase treatment. E, Summary of normalized data 
of TEA-sensitive component of outward current after phosphatase treat- 
ment, normalized to current after AP treatment (n = 7). All data are 
normalized to +20 mV so data from all experiments could be included, 
i.e., those experiments in which current exceeded the output of the 
amplifier at +40 to +60 mV. F, Current-voltage relationship of total 
outward current after phosphatase treatment and after 7 min perfusion of 
100 nM DTX into the bath from a holding potential of -80 mV. 



(Wang et al., 1998a). Treatment with alkaline phosphatase also 
produced a rapid reduction in the high-threshold current that was 
maximal by 15-20 min of dialysis with the phosphatase (Fig. A A, 
right trace). A reduction of current from a holding potential of 
-40 mV was expected because of the shift in the voltage depen- 
dence of inactivation to more negative potentials in response to 
alkaline phosphatase, consistent with the findings in Figure 3. 
As seen in CHO cells expressing Kv3.1 (Fig. 3B), total outward 



current evoked by stepping from a holding potential of -80 mV 
resulted in full recovery from inactivation. Figure AD shows a 
recording resulting from the same cell as shown in the Figure A A. 
Under these recording conditions, most of the outward current 
evoked by stepping from -80 mV could be blocked by 1 mM TEA, 
indicating that it is likely to correspond to the native Kv3.1 
channel (Fig. AD,E). In addition, current evoked by stepping to 
-40 mV from a holding potential of -80 mV was blocked by 1 
mM TEA, suggesting that most of the low- threshold current that 
is normally evoked by stepping from a holding potential of -80 
mV in MNTB neurons runs down in response to phosphatase 
treatment (or to lack of ATP). To test this possibility, 100 nM 
dendrodotoxin (DTX) was perfused into the bath after treatment 
with phosphatase (n = 3), a concentration that blocks the low- 
threshold component of outward current in MNTB neurons 
(Brew and Forsythe, 1995; Wang et al., 1998a) but has no effect on 
Kv3.1 channels (Grissmer et al., 1994; Brew and Forsythe, 1995). 
DTX had little or no effect on the amplitude of total outward 
current (Fig. AF). This suggests that most of the remaining 
current after phosphatase treatment (including current at -40 
mV; Fig. AB,E) is almost entirely Kv3.1-like current and that the 
TEA-resistant low-threshold component of total outward current 
runs down after phosphatase treatment. Finally, treatment with 
boiled alkaline phosphatase to destroy enzymatic activity had no 
effect on the high-threshold current evoked from a holding po- 
tential of -40 mV (data not shown). 

Protein kinase C is not responsible for the basal 
phosphorylation of Kv3.1 

As stated above, Kv3.1 has 4 putative serine PKC phosphoryla- 
tion sites and 5 putative serine CK2 sites. We next attempted to 
identify the kinase responsible for the effect of basal phosphory- 
lation of Kv3.1 by studying the impact of inhibitors of these two 
kinases on the voltage dependence of activation of Kv3.1 in CHO 
cells. To test the effect of PKC, cells were preincubated with the 
cell-permeable PKC inhibitor H-7 (100 /am) for 30 min to 1 hr, 
and currents were measured. Inhibition of PKC using H-7 had no 
effect on the voltage dependence of activation, as compared with 



control cells (control, V v 



15.6 ± 1.3, k = 12.7 ± 0.2 mV, n 



14; H-7, V 1/2 = 17.3 ± 1.3 mV, k = 12.7 ± 0.2 mV, n = 6, 
respectively). In addition, preincubation with H-7, followed by 30 
min intracellular dialysis in the continued presence of H-7, pro- 
duced changes in current that were similar to those observed in 
control dialyzed cells (Fig. 5A, left panel, representative trace). 
Finally, when the holding potential was held at -40 mV, H-7 had 
little effect on total outward current (Fig. 5B, left panel). 

Inhibition of PKC was also achieved by incubating CHO cells in 
the presence of 100 nM PMA for 2 hr. We first measured 
membrane-associated PKC activity biochemically in response to 2 
hr PMA treatment using histone HIS as a substrate (data not 
shown). This assay revealed that PM A-mediated translocation in 
CHO cells was maximal by 15 min, followed by a rapid down- 
regulation of PKC activity. Under these conditions, we again 
found no shift in the voltage dependence of activation, and the 
midpoint of activation in the cells was 14.9 ± 1.3 mV, k = 13.1 ± 
0.3 mV, n = 7. 

We also tested the effect of PKC inhibitors on inactivation of 
Kv3.1 using the two-pulse protocol. In the presence of 100 /am 
H-7, the midpoint potential of inactivation was similar to that of 
untreated control cells (Fig. 3, open squares; Table 1). After 2 hr 
incubation with PMA, the V 1/2 of inactivation was also unaltered 
(Fig. 3, open diamonds; Table 1). In addition, in cells pretreated 
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Figure 5. Effect of kinase inhibitors on 
Kv3.1 current in transected cells. A, Out- 
ward currents were evoked by stepping from 
a holding potential of —80 to +40 mV in 20 
mV increments during the control period 
and after treatment with either 100 /lim H-7 
or 20 /lim DRB. B, Outward currents evoked 
by holding from a membrane potential of 
—40 mV for 2 min to test potentials from 
—80 to +40 mV in 20 mV increments dur- 
ing the control period and after treatment 
with either 100 /ulM H-7 or 20 juim DRB. 
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Figure 6. Steady-state activation of Kv3.1 
after treatment with CK2 inhibitors. A, Nor- 
malized conductance -voltage relationship 
for Kv3.1 during control period and after 
treatment with either 20 /lim A3 or DRB. 
Conductance values were obtained by di- 
viding current by the electrochemical driv- 
ing force (I K /(V m - E k )). Normalized con- 
ductance-voltage plots were obtained by 
normalizing conductance (G) to maximal 
conductance (G max ) and fit using the non- 
linear least-squares fit of a Boltzmann iso- 
form. B, Summary of conductance -voltage 
relationship of all experiments conducted 
with A3 or DRB. 



with 2 hr PMA to downregulate PKC, dialysis of the cells with 
alkaline phosphatase resulted in a leftward shift in the voltage 
dependence of inactivation, confirming that a kinase other than 
PKC was responsible for the basal phosphorylation of Kv3.1 (Fig. 
3, open triangles', Table 1). 

Casein kinase 2 inhibitors mimic the effect of 
phosphatase on voltage dependence 

To test the involvement of CK2, cells were treated with either A3, 
a kinase inhibitor with inhibitory characteristics similar to H-7, 



with the exception of being additionally able to inhibit CK2, or 
with the selective CK2 inhibitor DRB (Zandomeni, 1989). Both 
of these agents produced changes similar to those observed in 
phosphatase-treated cells. Dialysis of CHO cells with intracellu- 
lar solution containing 20 /xm A3 for 30 min resulted in current 
detectable at potentials more negative than -20 mV in all exper- 
iments conducted, consistent with a change in the voltage depen- 
dence of activation (Fig. 6A,B, left panel). In addition, a similar 
shift in voltage dependence of activation was observed when 
CHO cells expressing Kv3.1 were dialyzed with the selective CK2 
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inhibitor DRB (20 /am). Figure 5, A and B (right panel), shows the 
typical effect of DRB on Kv3.1 current from holding potentials of 
—80 and -40 mV, respectively. A normalized conductance- 
voltage curve is shown in Figure 6 A (right panel). A summary of 
the total data showing the effect of DRB on whole -cell conduc- 
tance as a function of voltage is shown in Figure 6B (right panel). 

We also found that inhibitors of CK2 could mimic the effect of 
alkaline phosphatase on the voltage dependence. After 30 min A3 
treatment, the midpoint potential of inactivation was comparable 
with that of phosphatase -treated cells, determined using the two- 
pulse protocol described earlier (Fig. 3, closed triangles; Table 1). 
Similarly, after 30 min treatment with DRB, there was also a 
similar shift in the V 1/2 of inactivation (Fig. 3, open circles; Table 1). 

In addition, we tested the capacity of GTP to serve as a 
phosphate donor because CK2 has the unique ability to use both 
ATP and GTP (Blanquet, 2000). As observed with ATP, dialysis 
of transfected cells with GTP as the phosphate donor resulted in 
only small shifts in the voltage dependence of inactivation from 
-11.2 ± 1.2 mV (k = 3.93) during the control period to -19.6 ± 
2.4 mV (k = 4.27) after 30 min dialysis. 

We next tested the effect of DRB on native currents of MNTB 
neurons. Like AP, DRB produced an increase in holding current 
at -40 mV (Fig. 7A,B; n = 8) again, consistent with a shift in the 
activation of Kv3.1 to more negative potentials in response to 
phosphatase. This current at -40 mV after DRB treatment was 
significantly blocked by 1 mM TEA (Fig. 1A,C). Like AP treat- 
ment, DRB also produced a rapid reduction in the high-threshold 
current (Fig. 1A, right trace). In addition, subsequently resetting 
the holding potential to -80 mV resulted in full recovery from 
inactivation (Fig. ID). A majority of the outward current evoked 
by stepping from -80 mV could be blocked by 1 mM TEA, as 
expected for the native Kv3.1 channel (Fig. AD,E). 

Finally, to determine the effect of DRB on the firing properties 
of MNTB neurons, principal neurons were stimulated with brief 
current pulses at high frequencies ranging from 100 to 300 Hz. 
During the control period of DRB dialysis, neurons were able to 
fire accurately at frequencies up to 300 Hz (Fig. 8^4). After 
dialysis with DRB, neurons were able to fire at frequencies of 100 
and 200 Hz. However, at 300 Hz, neurons failed to fire full action 
potentials after the first action potential (Fig. SB). The effect of 
AP on these neurons was similar (a failure to fire at high frequen- 
cies). Because the effect of AP on the high-threshold current was 
very rapid, we were however, unable to obtain consistent control 
recordings from these neurons. 

DISCUSSION 

CK2 inhibitors alter voltage dependence of Kv3.1 

CK2 is a ubiquitous second messenger-independent serine -threo- 
nine protein kinase consisting of two a catalytic and two regula- 
tory j3 subunits and is believed to be constitutively active. The 
regulatory j3 subunit is also involved in targeting and plays a role 
in substrate specificity (Allende and Allende, 1995, 1998; Do- 
browolska et al., 1999). CK2 has a wide variety of substrates, many 
of which are involved in cell cycle progression. Other substrates 
include those involved in protein synthesis, structural proteins, 
and signal transduction proteins (Allende and Allende, 1995). In 
addition, CK2 is emerging as an enzyme that plays a key role in 
neuronal tissue. The highest level of CK2 activity is in the brain 
and substrates have been identified in both synaptic and nuclear 
compartments (Blanquet, 2000). Moreover, CK2 has been shown 
to modulate NMDA channels in hippocampal neurons (Lieber- 
man and Mody, 1999). 
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Figure 7. DRB shifts the voltage dependence of activation and inactiva- 
tion in MNTB neurons, using the same protocol as in Figure 4. A, Top, 
Reduction of current amplitude after DRB treatment, leak subtraction 
was disabled to discriminate any changes in the current that may occur at 
more negative potentials; bottom, inhibition of current by 1 mM TEA. B, 
Summary of normalized high-threshold current during control period and 
30 min after DRB treatment (n = 8). All values are mean ± SEM. C, 
Summary of normalized data of the effect of 1 mM TEA on current after 
AP treatment (n = 8). D, Recording from same neuron in A showing 
recovery of outward current when current was evoked by stepping from a 
holding potential of —80 to +20 mV in 20 mV during the control period 
and after phosphatase treatment. E, Summary of normalized data of 
TEA-sensitive component of outward current after phosphatase treat- 
ment, normalized to current after AP treatment (n = 7). 



The role of constitutive CK2-mediated phosphorylation of 
voltage -dependent ion channels has however, not been explored 
previously. Our findings indicate that a high level of constitutive 
phosphorylation of the Kv3.1 channel, consistent with CK2- 
mediated phosphorylation, may profoundly influence the biophys- 
ical characteristics of the channel when expressed in CHO cells or 
in MNTB neurons. Inhibitors of CK2 mimic the effect of dephos- 
phorylation by AP, although the effect of AP is more rapid than 
the effect of the kinase inhibitors. The slower effect of CK2 
inhibitors likely reflects the rate of turnover of phosphorylation of 
the channel protein. DRB is thought to be a specific inhibitor of 
CK2, whereas A3 inhibits the same kinases as H-7 but addition- 
ally inhibits CK2. Because H-7 has little effect in comparison to 
A3, it is probable that the effect of A3 is attributable to inhibition 
of CK2. In addition to the use of inhibitors of CK2, we have 
shown that GTP, like ATP, may serve as a phosphate donor for 
the kinase responsible for constitutive phosphorylation of this 
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Figure 8. A, Representative recording from an MNTB neuron in re- 
sponse to brief current injections (2 nA, 0.3 msec) at three different test 
frequencies (100-300 Hz) during the control period of DRB dialysis in 
the intracellular recording solution. B, Recording from same neuron after 
30 min dialysis with DRB. 



channel. The large shifts in the voltage dependence associated 
with dephosphorylation of the channel were not observed in the 
presence of either ATP or GTP, being ~6 and 9 mV, respectively. 

The properties of Kv3.1 that are sensitive to CK2, such as the 
their high-threshold of activation and inactivation, have been 
shown to be critical for the transmission of high-frequency sig- 
naling within the MNTB and are likely therefore to play a role in 
preserving auditory information (Brew and Forsythe, 1995; Wang 
et al., 1998a). In particular, the unique property of activation and 
inactivation at relatively positive potentials ensures that Kv3.1 has 
a minimal effect on the height of the action potential and is 
available to rapidly repolarize the membrane during high- 
frequency firing, as compared to other classic delayed rectifiers 
(Kanemasa et al., 1995; Wang et al., 1998a). Our finding that the 
ability of these neurons to fire at 300 Hz is impaired after DRB 
treatment and that the height of the action potential is signifi- 
cantly attenuated is consistent with a shift in the voltage depen- 
dence of the channel. 

In contrast, our data indicate that PKC -mediated phosphory- 
lation does not influence voltage dependence or kinetics of Kv3.1. 
However, PKC -mediated phosphorylation can acutely modulate 
Kv3.1 current amplitude, as has been previously demonstrated 
(Critz et al., 1993; Kanemasa et al., 1995). 

Possible mechanisms for effects of casein kinase 
2-mediated phosphorylation 

Alkaline phosphatase and CK2 inhibitors produce effects on the 
voltage dependence of both activation and inactivation of Kv3.1, 



suggesting that phosphorylation contributes to both parameters. 
If inactivation occurs only from the open state, the shift in the 
voltage dependence of inactivation may occur simply as a result of 
the shift in the voltage dependence of activation. We attribute the 
saturation of current from a holding potential of -40 mV after 
phosphatase treatment to a cumulative inactivation. An accumu- 
lation of channels in the inactivated state from a holding potential 
of -40 mV would be predicted to occur as a result of the shift in 
the voltage dependence of inactivation to more negative poten- 
tials and to the short recovery period between pulses. It is how- 
ever, also possible that the effects on the voltage dependence of 
activation and inactivation occur independently of each other. 
Although we cannot rule out the possibility that the effect of 
phosphatase treatment results from the dephosphorylation of an 
associated protein, our biochemical evidence that alkaline phos- 
phatase eliminates phosphorylation of the immunoprecipitated 
Kv3.1 protein supports the hypothesis that the observed changes 
are attributable to direct dephosphorylation of the channel. In- 
corporation of a phosphate group into a channel protein may 
cause a conformational change in the protein or may alter its 
voltage sensitivity by an electrostatic interaction of the phosphate 
group with its voltage sensor (Perozo et al., 1989). The addition of 
the negative charge of the phosphate group at an internal site 
would be expected to shift the voltage dependence of the channel 
to more positive potentials, requiring additional depolarization to 
activate or inactivate the channel. It has been suggested that the 
incorporation of phosphate groups into the delayed-rectifier po- 
tassium channels of both the giant squid axon and of the consti- 
tutively phosphorylated neuronal potassium channel Kv2.1 mod- 
ifies their sensitivity to depolarization by this electrostatic 
mechanism (Perozo and Bezanilla, 1990; Murakoshi et al., 1997). 
Phosphorylation of Kv2.1 has been shown to occur early in its 
biosynthesis, and dephosphorylation resulted in a shift in voltage 
dependence of activation of >20 mV. 

Putative casein kinase 2 phosphorylation sites of Kv3.1 

From our data, we are unable to discriminate between individual 
CK2 phosphorylation sites, although it is conceivable that the 
effects of CK2 on activation and inactivation may involve more 
than one site. Potential CK2 phosphorylation sites in the Kv3.1 
channel protein are found in both the C and N terminus, with the 
C terminus containing one serine site, and the N terminus con- 
taining two sites. A role for cytoplasmic domains in the modula- 
tion of activation and inactivation has been previously demon- 
strated in Kv2.1 (VanDonger et al., 1990). In addition, Kv3.1 has 
one putative CK2 site in the S5-S6 linker (the pore region) near 
the outer region of the pore, which is unlikely to be phosphory- 
lated by a cytoplasmic kinase. Finally, Kv3.1 has a single putative 
CK2 phosphorylation site present in the intracellular S4/S5 linker, 
which is conserved in most voltage-dependent potassium cur- 
rents, including the mammalian Shaw-like channels. A role for the 
S4-S5 linker in both the voltage dependence of activation and 
inactivation has been previously demonstrated in members of the 
Shaker and Shaw potassium channel subfamilies (Isakoff et al., 
1991; McCormack et al., 1991; Rettig et al., 1992), and the 
putative CK2 site in the S4-S5 linker is conserved in most 
voltage -dependent K channels. Phosphorylation of this residue 
may influence the apparent voltage -transducing properties of the 
S4-S5 linker, leading to the observed alterations in voltage de- 
pendence of activation and /or inactivation in Kv3.1. Future stud- 
ies aimed at identifying the sites responsible for the impact of 
dephosphorylation on the biophysical properties of Kv3.1 will 
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provide further insight into the potential contribution of CK2 on 
ion channels properties. 

Can constitutively phosphorylated Kv3.1 be modulated 
by phosphatases? 

Although CK2 appears to be a constitutively active enzyme, it is 
possible that the level of CK2- dependent phosphorylation of 
substrates may be regulated by phosphatases. Based on electro- 
physiological, pharmacological, and immunohistochemical evi- 
dence, Kv3.1 is present presynaptically at the MNTB synapse 
(Perney et al., 1992; Wang and Kaczmarek, 1998; Wang et al., 
1998b). However, presynaptic potassium current recordings at 
this synapse, from a holding potential of -40 mV result in little 
sustained outward current, whereas depolarization from more 
negative holding potentials results in an outward current that is 
sensitive to 1 mM TEA (L. Y. Wang, I. D. Forsythe, and L. K. 
Kaczmarek, unpublished observation). This result would be ex- 
pected if there were less phosphorylation of Kv3.1 CK2 sites in 
the presynaptic terminal. Differences between the native Kv3.1 
current and those recorded in heterologously expressed cells may 
be attributed to coassembly with other members of the Shaw-\ike 
subfamily or interaction with auxiliary subunits. Our findings 
suggest that differences in native currents found in the presynap- 
tic calyx of Held could also be attributed to differences in the 
phosphorylation state of the channel. 
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Neurons of the medial nucleus of the trapezoid body, which transmit auditory information that is used to compute the location of sounds 
in space, are capable of firing at high frequencies with great temporal precision. We found that elimination of the Kv3.1 gene in mice 
results in the loss of a high-threshold component of potassium current and failure of the neurons to follow high-frequency stimulation. 
A partial decrease in Kv3.1 current can be produced in wild-type neurons of the medial nucleus of the trapezoid body by activation of 
protein kinase C. Paradoxically, activation of protein kinase C increases temporal fidelity and the number of action potentials that are 
evoked by intermediate frequencies of stimulation. Computer simulations confirm that a partial decrease in Kv3. 1 current is sufficient to 
increase the accuracy of response at intermediate frequencies while impairing responses at high frequencies. We further establish that, of 
the two isoforms of the Kv3.1 potassium channel that are expressed in these neurons, Kv3.1a and Kv3.1b, the decrease in Kv3.1 current is 
mediated by selective phosphorylation of the Kv3.1b isoform. Using site-directed mutagenesis, we identify a specific C-terminal phos- 
phorylation site responsible for the observed difference in response of the two isoforms to protein kinase C activation. Our results suggest 
that modulation of Kv3. 1 by phosphorylation allows auditory neurons to tune their responses to different patterns of sensory stimulation. 

Key words: Kv3.1; potassium channel; MNTB neurons; protein kinase C; phosphorylation; auditory timing; channel isoforms 



Introduction 

The Kv3.1 potassium channel is expressed at high levels in neu- 
rons that characteristically fire rapid trains of action potentials 
(Perney et al., 1992; Weiser et al., 1995; Rudy, 1999). Particularly 
high levels of this channel are found in neurons of the auditory 
brainstem, such as bushy cells of the cochlear nucleus and neu- 
rons of the medial nucleus of the trapezoid body (MNTB). These 
neurons participate in neural circuits that determine the intensity 
and timing of auditory stimuli and use this information to deter- 
mine the location of sounds in space (Joris, 1996). To perform 
their function, these neurons are endowed with a number of 
cellular specializations that allow them to fire at rates of many 
hundreds of Hertz both in vivo and in vitro (Spirou et al., 1990; 
Banks and Smith, 1992; Wu and Kelly, 1993; Trussell, 1999; Tas- 
chenberger and von Gersdorff, 2000). Such cells lock their action 
potentials precisely to the phase of auditory stimuli at frequencies 
of up to 2000-4000 Hz or to rapid fluctuations in the amplitude 
of higher- frequencies sounds (Joris and Yin, 1995; Joris, 1996). 
At those frequencies at which an action potential cannot be gen- 
erated to every single stimulus, their firing pattern is character- 
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ized by alternating action potentials and failures of action poten- 
tial generation (Banks and Smith, 1992; Brew and Forsythe, 1995; 
Wang et al., 1998). For example, in response to a 600 Hz stimulus, 
an MNTB neuron may fire at 300 Hz, locking its action potentials 
to every other stimulus (Wang et al., 1998). The synaptic and 
electrophysiological specializations of bushy cells and MNTB 
neurons ensure that the delay from a suprathreshold stimulus to 
the occurrence of an action potential varies by no more than a few 
tens of microseconds throughout a stimulus train (Borst et al., 
1995; Oertel, 1999; Trussel, 1999). 

A major component of potassium current in MNTB neurons 
is a high-threshold voltage-dependent potassium current (J HT ) 
that is selectively blocked by low concentrations of tetraethylam- 
monium (TEA) and whose properties match those of the Kv3.1 
potassium channel in heterologous expression systems (Perney 
and Kaczmarek, 1991; Brew and Forsythe, 1995; Wang et al., 
1998; Grigg et al., 2000). Blockade of this current in MNTB neu- 
rons significantly impairs their ability to fire high-frequency 
trains of action potentials (Wang et al., 1998). 

The Kv3.1 gene has retained a high degree of similarity be- 
tween human and rodents throughout evolution. Alternate splic- 
ing at the 3 ' end of the Kv3.1 gene results in two channel isoforms 
that differ exclusively at their C termini (Luneau et al., 1991). 
Previous work has shown that these two variants, termed Kv3.1a 
and Kv3. lb, share a similar expression pattern in the rat brain 
(Perney et al., 1992; Weiser et al., 1995). Although both variants 
are present in the same neurons, including MNTB neurons, levels 
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of the Kv3.1b variant increase markedly at the time of synapse 
formation, and this isoform predominates in adult neurons (Per- 
ney et al., 1992; Liu and Kaczmarek, 1998). The functional signif- 
icance of such alternately spliced channels that produce similar 
currents is unknown, although there is evidence that divergent C 
termini maybe involved in targeting channels to different regions 
of the neuronal membrane (Pounce et al., 1997; Rudy, 1999). 

Previous work has shown that, in heterologous expression 
systems, the Kv3.1 channel can be modulated by activation of 
protein kinase C, which produces a decrease in current amplitude 
(Critz at al., 1993; Kanemasa et al., 1995). We now found that 
regulation by this enzyme is specific to the Kv3.1b isoform and 
results from phosphorylation of a single site in the C terminus. 
We also compared the effects of the protein kinase C -induced 
reduction of Kv3. 1 current in MNTB neurons with those of total 
elimination of the J HT current through homologous recombina- 
tion, using both native neurons and a computer simulation of 
their firing patterns. We demonstrate that, whereas total elimi- 
nation of the Kv3.1 current in MNTB neurons severely impairs 
high-frequency firing, a partial reduction of current significantly 
increases both the number of action potentials generated and 
their temporal fidelity at those intermediate frequencies at which 
failures to generate action potentials are first detected. Our results 
suggest that the transition from the Kv3. 1 a to the Kv3. lb isoform 
during development allows MNTB neurons to modulate their 
firing pattern to improve temporal fidelity at intermediate stim- 
ulus frequencies. 

Materials and Methods 

Generation ofKv3. 1 mutant mice. The Kv3. 1 gene was mutated by homol- 
ogous recombination by a replacement vector as previously described in 
129/Sv mice (Ho et al, 1997). Briefly, the coding region between EcoRl 
and Mscl (35 bp in the S2-S3 linker) was replaced with a neomycin - 
resistant cassette. Identification of mutant animals was confirmed by 
PCR using oligonucleotides directed against the 5' coding region (primer 
5' GAA ATC GAG AAC GTT CGA AAC GG 3') and the 35 bp recombi- 
nant sequence (primer 5' CTA CTT CCA TTT GTC ACG TCC TG 3'). 

Stable expression ofKv3.1a in a Chinese hamster ovary cell line. Chinese 
hamster ovary (CHO) cells with dihydrofolate reductase thymidylate 
(DHFR) deficiency [CHO/DHFR( - ) ] were maintained in Iscove's mod- 
ified Dulbecco's medium (Invitrogen, San Diego, CA) supplemented 
with 10% fetal bovine serum, 0.1 mM hypoxanthine, and 0.01 mM thy- 
midine and maintained in a 5% C0 2 incubator at 37°C. Cells were seeded 
1 d before transfection at ~5 X 10 cells/60 mm plate. Kv3. la expression 
vector (pcDNA3/Kv3.1a) was added 24 hr later to transfect CHO/ 
DHFR( — ) using Lipofectamine (Invitrogen). The cells were then grown 
in normal medium for 48 hr to develop antibiotic resistance and subse- 
quently exposed to geneticin (0.5 mg/ml; Invitrogen) for another 10-14 
d. The geneticin-resistant cells were subjected to single-cell sorting using 
FACSIV (Becton Dickinson, Mountain View, CA) to generate individual 
stable cell lines. The stable transfection of Kv3. lb into CHO cells has been 
described previously (Wang et al., 1998). 

Electrophysiological recordings from CHO cells. CHO/DHFR( — ) cells 
were maintained in Iscove's modified Dulbecco's medium (Invitrogen) 
supplemented with 10% fetal bovine serum, 0.1 mM hypoxanthine, and 
0.05 mg/ml geneticin (Invitrogen) and maintained in a 5% C0 2 incuba- 
tor at 37°C. CHO cells were grown on coverslips 24-48 hr preceding 
recordings and transferred to extracellular solution (in mM: 140 NaCl, 1.3 
CaCl 2 , 5.4 KC1, 25 HEPES, and 33 glucose, pH 7.4) 1 hr before voltage 
clamping. Recordings were made as specified either with the perforated- 
patch technique using nystatin or in the whole-cell configuration using 
an Axopatch ID amplifier (Axon Instruments, Foster City, CA). The 
patch electrodes had a resistance of 3-5 MCl when filled with intracellular 
solution (in mM: 32.5 KCl, 97.5 K-gluconate, 5 EGTA, and 10 HEPES, pH 
7.2). All data were low-pass filtered at 2 kHz and digitized using a mod- 
ified digital data recorder (Instrutech, Great Neck, NY). Data were ana- 
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lyzed using pClamp 6.0 software. Average data are expressed as means ± 
SE. Conductance values were obtained by dividing current by the elec- 
trochemical driving force [I K /(V m — E k )]. Normalized conductance- 
voltage plots were obtained by normalizing conductance ( G) to maximal 
conductance (G max ) and fit using the Boltzmann isoform G = G max /[ 1 4- 
exp ((V — V 1/2 yfk)], where V 1/2 is the voltage at half-maximal activation, 
and k is the slope factor. 

Preparation ofbrainstem slices. Brains were rapidly removed from post- 
natal 9-14 d old mice (control 129/Sv or Kv3. 1 mutant mice) or rats after 
decapitation and placed into ice-cold bicarbonate-buffered artificial CSF 
(ACSF) (in mM: 125 NaCl, 2.5 KCl, 26 NaHC0 3 , 1.25 NaH 2 P0 4 , 2 Na 
pyruvate, 3 myo inositol, 10 glucose, 2 CaCl2, and 1 MgCl 2 , pH 7.4) 
solution gassed with 95% 0 2 -5% C0 2 . The area of the brainstem con- 
taining MNTB nuclei were cut into four to six transverse slices using a 
vibrotome. The slices were incubated at 37°C for 1 hr and thereafter kept 
at room temperature (22— 25°C). 

Electrophysiological recordings from MNTB. Recordings were con- 
ducted on MNTB neurons as described previously (Macica and Kacz- 
marek, 2001). Briefly, a slice was transferred to a recording chamber that 
was continually perfused (1 ml/min) with gassed ACSF. Whole-cell 
patch-clamp recordings were made from visually identified MNTB neu- 
rons using an Axopatch 2D amplifier (Axon Instruments). The patch 
electrodes had a resistance of 3-5 MQ when filled with intracellular 
solution (in mM: 32.5 KCl, 97.5 K-gluconate, 5 EGTA, 10 HEPES, and 1 
MgCl 2 , pH 7.2). For voltage-clamp recordings, the extracellular calcium 
concentration was lowered to 0.5 mM to minimize the contribution of 
calcium-activated K channels. TTX (0.5 jitM) was also included in ACSF 
to block sodium currents. The mean cell capacitance was 12.0 ± 0.4 pF, 
with a mean series resistance of 5.3 ± 0.4 MH. The compensation for 
series resistance was set at least 85%, with a lag of 10 jitsec. Data were 
low- pass filtered at 5 kHz, digitized, and acquired on-line with p Clamp 
6.0 software (Axon Instruments). Total current was compared before 
and after addition of activators of PKC in the presence and absence of 
PKC inhibitors, and averaged data are expressed as means ± SE. Con- 
ductance and normalized conductance values were obtained as above. 

Immunoprecipitation and chemiluminescence. Stably transfected CHO 
cells expressing Kv3.1a or Kv3.1b or untransfected cells were grown to 
80% confluence. Medium was removed, and cells were washed three 
times with ice-cold PBS. Cells were lysed with radioimmunoprecipita- 
tion assay buffer (150 mM NaCl, 1.0% Nonidet P-40, 0.5% deoxycholate, 
0.1% SDS, and 50 mM Tris, pH 8.0) containing a protease inhibitor 
cocktail (Boehringer Mannheim, Indianapolis, IN) and phosphatase in- 
hibitors (100 jllm NaF and 0.2 mM NaV0 3 ) and allowed to incubate on a 
rocking platform for 30 min at 4°C. Lysates were spun in a microfuge for 
15 min, and the supernatant was transferred to a new tube. Rat brain 
membranes were prepared from whole brain homogenized in 320 mM 
sucrose-PBS, pH 7.4, containing a protease cocktail inhibitor and cen- 
trifuged at 1000 X g for 10 min at 4°C. The supernatant was then centri- 
fuged at 15,000 X g for 30 min at 4°C, followed by centrifugation of the 
supernatant at 105,000 X g for 1 hr at 4°C. Pellets were reconstituted in 
sucrose-PBS. Lysates and membranes (brought up to volume with PBS) 
were precleared with a 50% slurry aliquot of protein A Sepharose beads, 
followed by incubation with the indicated anti-Kv3.1 antibody (1:1000 
dilution) at 4°C overnight. Lysates and membranes were immunopre- 
cipitated with protein A Sepharose beads for 2 hr at 4°C, spun, and 
washed three times in Triton X-100 buffer (0.1% Triton X-100, 0.1% 
SDS, 300 mM NaCl, and 50 mM Tris, pH 7.5). Samples were eluted by 
boiling in 1 X SDS-PAGE sample buffer (62.5 mM Tris, pH 6.8, 4% SDS, 
10% glycerol, 0.02% bromophenol blue, and 4% /3-mercaptoethanol) 
for 5 min. Samples were subjected to SDS-PAGE on a 7.0% gel and 
transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, 
Bedford, MA). Peptides were visualized by chemiluminescence. Briefly, 
the membrane was incubated with the Kv3.1 antibody against the C 
terminus at a 1:4000 dilution in antibody diluent (1% casein and 0.04% 
Tween 20 in PBS, pH 7.4) for 1 hr, washed three times, incubated with 
secondary antibody (1:10,000 in diluent buffer) , and washed three times. 
The blot was incubated with substrate (5.5 mg of luminol, 0.28 mg of 
p-coumaric acid, and 1% H 2 0 2 -25 ml of PBS) for 1 min and briefly 
exposed to film. 



Macica etal. • Role of Kv3.1 Modulation in Fidelity of Auditory Neurons 



J. Neurosci., February 15, 2003 • 23(4):1 133-1 141 • 1135 



Metabolic labeling, immunoprecipitation> and phosphoamino acid anal- 
ysis. Phosphorylation of Kv3.1 was analyzed in stably transfected CHO 
cells expressing either Kv3.1a or Kv3.1b that was metabolically labeled to 
equilibrium with [ 32 P]orthophosphate as described previously (Macica 
and Kaczmarek, 2001). Cells were lysed, immunoprecipitated, and sub- 
jected to SDS-PAGE as described above. This gel was fixed as above and 
dried, and bands were visualized by autoradiography. Phosphoamino 
acid analysis was also performed on samples prepared as above and an- 
alyzed by two-dimensional electrophoresis, as described previously 
(Macica and Kaczmarek, 2001). 

Numerical simulations. Computer modeling was performed using 
equations that have been used previously to model MNTB neurons 
(Wang et al., 1998) and other auditory neurons (Perney and Kaczmarek, 
1997; Richardson and Kaczmarek, 2000). The model comprised a so- 
dium current J Na , the Kv3.1 current I Kv31 , a low-threshold potassium 
current J LT , and a leakage conductance J L . J Na and J L were given by the 
equations I Na = g Na m 3 h(50 — V) and J L = g L ( — 63 — V), respectively. 
J LT and I Kv3-1 were simulated by the equations J LT = g LT lr{ — 80 — V") and 
j kv3.i = ^Kv3.i« 3 (°- 8 + 0.2p)(-80 - V). Evolution of the variables m, h, 
/, r, n, and p were determined by Hodgkin- Huxley- like equations as 
described previously (Perney and Kaczmarek, 1997). Parameters for the 
sodium current were as follows: g Na = 0.5 juS, k am = 76.4 msec -1 , 7] am = 
0.037 mV" 1 , kp m = 6.93 msec" 1 , t]^ m = -0.043 mV" 1 , and k ah = 
0.000533 msec" 1 , T) ah = -0.0909 mV" 1 , kp h = 7.S7 msec" 1 , and 
7]p h = 0.0691 mV" 1 . The leakage conductance g L was 0.002 /xS. Param- 
eters for potassium current were obtained from direct fits to traces re- 
corded from MNTB neurons and Kv3. 1- transfected CHO cells (Wang et 
al., 1998). Parameters for the low- threshold potassium current were as 
follows: g LT = 0.02 jllS, k al = 1.2 msec" 1 , T} al = 0.03512 mV" 1 , k pi = 
0.2248 msec" 1 , 77^ = -0.0319 mV" 1 , k ar = 0.0438 msec" 1 , 7] ar = 
-0.0053 mV" 1 , kp r = 0.0562 msec" 1 , and 77^ = -0.0047 mV" 1 . Pa- 
rameters for the Kv3.1 channel were as follows: g HT = 0. 15 jllS (control) 
or 0.10 /llS [phorbol 12-myristate 13-acetate (PMA) treated], k an = 
0.2719 msec" 1 , T) an = 0.04 mV" 1 , k$ n = 0.1974 msec" 1 , i] j8 „ = 
0 mV" 1 , k ap = 0.00713 msec" 1 , r] ap = -0.1942 mV" 1 , k^ p = 0.0935 
msec -1 , and r\^ p = 0.0058 mV" 1 . Numerical simulations of the re- 
sponses of the cells to external stimulation was performed using the 
equation C dV/dt = J Na + I Kv3-1 + I LX + 4xt(0' wnere C i s th e ce U 
capacitance (0.01 nF), and external currents I ext( f) were presented as 
repeated current steps (1.4 nA, 0.25 msec) applied at frequencies from 
100 to 600 Hz. 

Results 

Contribution of Kv3.1 to the firing pattern of MNTB neurons 

We first tested the role of the Kv3. 1 channel in MNTB neurons by 
comparing the properties of MNTB neurons in 9- to 14-d-old 
brainstem slices from wild-type mice with those in which the 
Kv3.1 gene had been deleted by homologous recombination (Ho 
et al., 1997). As described previously, wild- type mice express a 
high-threshold potassium current J HT whose properties closely 
match those of Kv3.1 in transfected cell lines (Wang et al., 1998). 
This current can be isolated by stepping to positive potentials 
from a holding potential of —40 mV, at which potential the low- 
threshold component of total outward current in these neurons is 
inactivated (Brew and Forsythe, 1995; Wang et al., 1998). This 
current can be substantially inhibited by extracellular application 
of 1 mM TEA ions, consistent with the IC 50 of 250 jam for the 
Kv3.1 channel (Kanemasa et al., 1995; Wang et al., 1998; Rudy, 
1999) (Fig. la,b). 

When recordings were made in MNTB neurons from 
Kv3.1 — /— mice, the current evoked by depolarizing commands 
from —40 mV current was reduced by >90%, indicating that the 
I HT current had been eliminated (Fig. lc). The remaining ~ 10% 
high-threshold current was blocked by 1 mM TEA. In contrast, 
the low- threshold currents evoked by stepping from a holding 
potential of —80 mV could still readily be recorded in the 
Kv3.1— /— mice (data not shown). The low-threshold current, 
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Figure 1. Representative traces comparing native high-threshold current from a 14 d wild- 
type MNTB neuron with the high-threshold current from a 14 d Kv3.1 mutant MNTB neuron. 0, 
b, Outward currents evoked by stepping from a holding potential of —40 mV for 2 min (to 
ensure complete inactivation of low-threshold current) to test potentials from — 80 to +40 mV 
in 20 mV increments in wild-type mice before and after treatment with 1 mwi TEA or in Kv3.1 
mutant mice (c). d, e, Representative recording from an MNTB neuron in response to brief 
current injections (2 nA,0.3 msec) at three different test frequencies (100 -300 Hz) in wild-type 
mice before and after treatment with 1 mM TEA or in Kv3.1 mutant mice [f).Bars denote failure 
to evoke an action potential in response to a stimulus. Failure was defined as a membrane 
depolarization to less than — 10mV in response to a current injection. Expanded traces below 
compare a successful action potential with failures, which showed little regenerative response. 

which is TEA insensitive in wild- type mouse, however, displays 
sensitivity to 1 mM TEA, suggesting a compensatory increase in a 
TEA- sensitive low- threshold current in these mice (data not 
shown). It is possible that the afterhyperpolarization in the 
Kv3.1— /— mice reflects a compensatory increase in low- 
threshold current in these animals. Combined with previous 
work demonstrating the loss of Kv3.1 mRNA and protein in the 
Kv3.1— /— mice (Ho et al., 1997), our findings strongly support 
the identification of the 7 HT current recorded at the somata of 
MNTB neurons with the Kv3. 1 channel. 

To test the impact of knock-out of the Kv3. 1 gene on the firing 
properties of MNTB neurons, neurons were stimulated with 
trains of brief current pulses (0.3 msec, 2 nA) at frequencies rang- 
ing from 100 to 300 Hz (Fig. Id). As described previously, wild- 
type MNTB neurons faithfully follow stimulus frequencies up to 
300 Hz (Wang et al, 1998). In the presence of extracellular TEA 
(1 mM) a normal pattern of action potentials is evoked at the 
lower frequencies (100-200 Hz), but a progressive loss of full 
action potentials occurs during a train at 300 Hz and at higher 
frequencies (Fig. le). A similar, but more severe, deficit occurs in 
MNTB neurons from Kv3.1— /— mice. These can follow stimu- 
lation at 100 Hz, but attenuation of action potentials is already 
evident even at 200 Hz. At 300 Hz and at all higher frequencies, 
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Figure 2. Comparison of Kv3.1 current recorded from CH0 cells stably transfected with 
Kv3.1a or Kv3.1b. a, Whole-cell current was evoked by depolarizing the membrane from a 
holding potential of -80 to +60 mV in 20 mV increments, b, Normalized conductance- 
voltage relationship for Kv3.1a versus Kv3.1b. Conductance values [G) were obtained as de- 
scribed in Materials and Methods, c, Sensitivity of Kv3.1 a or Kv3.1 b to 1 mM TEA. Currents were 
evoked as described inc. 

only a single action potential is evoked at the start of the train 
(Fig. 1/). This complete loss of response at higher frequencies 
exactly matches that predicted in numerical simulations for elim- 
ination of the J HT current (Wang et al., 1998). 

The Kv3.1 isoforms differ in their response to activation of 
protein kinase C 

In transfected cells, the amplitude of Kv3. 1 current is known to be 
regulated by activators of protein kinase C, attributed to a de- 
crease in single-channel open probability (Critz et al., 1993; 
Kanemasa et al., 1995). There exist two isoforms of the Kv3.1 
channel, Kv3.1a and Kv3.1b, which arise by alternate splicing of 
the Kv3.1 gene. These differ in the number of consensus sites for 
phosphorylation by protein kinase C. The longer Kv3.1b isoform 
has two additional consensus sites in the C terminus that are 
absent in Kv3. la. Both isoforms are coexpressed in the same neu- 
rons, with Kv3. lb predominating in the mature nervous system 
(Perney et al, 1992; Weiser et al., 1995; Rudy, 1999). To deter- 
mine the physiological consequences of modulation by protein 
kinase C, we compared the electrophysiological properties of the 
two isoforms in transfected cells and of the native I Hr current in 
MNTB neurons. 

We first compared the basal electrophysiological properties of 
the two isoforms. Currents were evoked in CHO cells stably 
transfected with either Kv3.1a or Kv3.1b by depolarizations to 
test potentials between —80 and 60 mV (Fig. 2a). In some but not 
all experiments, a transient peak that decreased slightly to a 
steady-state value was seen at positive potentials at the beginning 
of the pulse for both Kv3.1a and Kv3.1b, a finding reported pre- 
viously for Kv3. lb (Rettig et al., 1992; Critz et al, 1993; Kanemasa 
et al., 1995; Rudy, 1999). The conductance-voltage relationships 
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Figure 3. Effect of 1 00 nM PMA on Kv3.1 current, a, Whole-cell currents evoked from CHO 
cells stably expressing Kv3.1 a from a holding potential of — 70 mV to test potentials of — 80 to 
+60 mV in 20 mV increments (left) and corresponding current-voltage relationship of evoked 
currents [right) before and after PMA treatment, b, Whole-cell currents evoked from CHO cells 
stably expressing Kv3.1b [left) and current-voltage relationship of evoked currents, c, Whole- 
cell currents evoked from CHO cells stably expressing Kv3.1 b mutant S503A {left) and current- 
voltage relationship of evoked currents. 



were fit by Boltzmann isotherms with a midpoint of activation of 
17.3 ± 1.26 mV (« = 9) versus 20.8 ± 1.60 mV (n = 9) for Kv3. la 
and Kv3.1b, respectively (Fig. 2b). The 10-90% rise times for 
maximal activation at 60 mV were 1.25 ± 0.16 msec (n = 9) 
versus 1.22 ± 0.09 msec, (n = 9) respectively. Deactivation ki- 
netics were obtained from tail currents recorded after a 100 msec 
depolarizing pulse to +40 mV, followed by membrane potential 
repolarization to — 40mV. These were fit by a single exponential 
and yielded time constants of 2.38 ± 0.14 msec [n = 18) and 
2.20 ± 0.12 msec [n = 10), respectively. In addition, both Kv3.1a 
and Kv3. lb were inhibited to a similar degree by 1 mM TEA (87 ± 
1.5%, n = 3 vs 82 ± 5.1%, n = 12) (Fig. 2c). 

Although the biophysical properties of Kv3.1a and Kv3.1b 
appear indistinguishable under basal conditions, their response 
to 100 nM PMA, an activator of protein kinase C, was very differ- 
ent. Kv3.1a or Kv3.1b currents were recorded from nystatin - 
perf orated patches before and after exposure to 100 nM PMA 
(n = 9) (Fig. 3a,b). PMA produced a significant reduction of 
Kv3.1b current (32.4 ± 4.3% inhibition), which was maximal by 
10-15 min (Fig. 4). 4a-PMA, an analog of PMA that does not 
activate protein kinase C, did not significantly affect Kv3. lb cur- 
rent (Fig. 4). In contrast, Kv3.1a current amplitude was not sig- 
nificantly affected by PMA (2.26 ± 1.7% inhibition) (Figs. 3a, 4). 
No effect of PMA was detected on the kinetics (data not shown) 
or the voltage dependence of activation of either isoform (mid- 
point of activation, 20.3 ± 1.3 mV during control period vs 
19.1 ± 1.6 mV after PMA treatment in nystatin-perforated 
patches). 
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Figure 5. In vivo phosphorylation and phosphoamino acid analysis of Kv3.1 in CH0 cells, a, 
CH0 cells expressing Kv3.1aorKv3.1b were radiolabeled with [ 32 P]orthophosphateto equilib- 
rium, stimulated with or without 1 00 niw PMA for 15 min, and lysed. Lysates were immunopre- 
cipitated with Kv3.1 antibody (Kv3.1a, lanes 1 and 2, with and without PMA, respectively or 
Kv3.1 b,lanes4 and 5, with and without PMA, respectively) and resolved as outlined in Materials 
and Methods. An additional 32 P-labeled Kv3.1a or Kv3.1 b immu no precipitate wastreated with 
calf intestinal alkaline phosphatase for 1 hr at 37°C {lanes 3 and 6, respectively), b, Phos- 
phoamino acid analysis of the Kv3.1a or Kv3.1b channel protein obtained from lysates and 
immunoprecipitated and electrophoresed as above. The gel was transferred to a PVDF mem- 
brane, and the Kv3.1 band was visualized by autoradiography. The excised protein was sub- 
jected to phosphoamino acid analysis as outlined in Materials and Methods and visualized by 
ninhydrin staining {top), and standard phosphoamino acids were visualized by autoradiogra- 
phy {bottom). 



Phosphorylation of Kv3.1 channel proteins 

To determine whether the actions of activators of protein kinase 
C on Kv3. lb currents result from the direct phosphorylation of 
the Kv3.1b protein, CHO cells stably expressing either Kv3.1a or 
Kv3.1b were radiolabeled to equilibrium with [ 32 P]orthophos- 
phate and were then stimulated for 15 min with 100 nM PMA. 
Immunoprecipitation revealed substantial basal incorporation of 
32 P into both channel proteins, as well as stimulated incorpora- 
tion in the presence of PMA (Fig. 5a). Incorporation could be 
eliminated by treatment of the immunoprecipitated phospho- 
protein with alkaline phosphatase. To determine the identity of 
the amino acids into which 32 P was incorporated, the immuno- 
precipitates were then subjected to phosphoamino acid analysis. 
Radioactivity comigrating with unlabeled phosphoserine, but 
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Figure 6. Molecular identity and effect of 1 00 nwi PMA on native Kv3.1 current, a, Coimmu- 
noprecipitation of Kv3.1a and Kv3.1b in brain homogenates or in stably transfected CHO cells. 
Lane 1, Kv3.1a/CH0 with N-terminal antibody; lane 2, Kv3.1b/CH0 with N-terminal antibody; 
lane 3, Kv3.1 b/CHO with C-terminal antibody; lane 4, rat brain membranes with N-terminal 
antibody; /one 5, rat brain membranes with C-terminal antibody, b, Whole-cell currents evoked 
from a 1 3 d M NTB neu ro n from a hold i ng potentia I of — 40 mV to test potentials of — 80 to + 60 
mV {left) and current-voltage relationship of evoked currents before and after PMA treatment. 



not phosphothreonine or phosphotyrosine, was detected after 
acid hydrolysis of 32 P-labeled Kv3.1 (Fig. 5b). These results indi- 
cate that, of the putative consensus sites for phosphorylation, 
only those containing serine residues are phosphorylated. 

Protein kinase C acts at serine 503 of Kv3.1b 

Kv3.1b has 11 consensus sites for PKC-mediated phosphoryla- 
tion, two of which are absent from Kv3. la as a result of the diver- 
gent C terminus. Only one of these (S503), however, is a serine 
site. The phosphoamino acid analysis suggests, therefore, that 
this is the only consensus protein kinase C site that differs be- 
tween the two isoforms. To test the hypothesis that this unique 
site is responsible for response of Kv3.1b to activation of protein 
kinase C, a mutant Kv3. lb channel was constructed in which this 
serine was mutated to alanine. When this mutation (S503A) was 
stably expressed in CHO cells, the currents appeared identical to 
those of wild- type Kv3.1 but were completely insensitive to PMA 
treatment (n = 6) (Fig. 3c). 

The Kv3.1b channel subunit predominates in mature neurons 

To identify native Kv3. 1 protein isoforms, membranes were pre- 
pared from adult rat brain homogenates or from CHO cells stably 
transfected with either isoform. These were immunoprecipitated 
with antibodies against either the N terminus, which recognizes 
both isoforms, or the Kv3.1b C terminus, which recognizes only 
Kv3.1b (Perney and Kaczmarek, 1991) (Fig. 6a). Immunopre- 
cipitated Kv3.1a and Kv3.1b in CHO cells had mobilities corre- 
sponding to ~98 and 110 kDa, respectively (Fig. 6a, lanes 1-3). 
Immunoprecipitation in both cell lines also yielded additional 
bands corresponding to the predicted molecular weights of the 
unglycosylated forms of the channel proteins (85 and 80 kDa, 
respectively). In support of this interpretation, the size of the in 
vitro translated product of the Kv3. 1 channels in the absence of 
membranes corresponded precisely to the M r of the lower bands 
(data not shown). The predominant isoform in brain homoge- 
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nates is Kv3.1b (Fig. 6a, lane 4), consistent with the dominant 
expression pattern of Kv3.1 mRNA transcripts in adult animals 
(Perney et al., 1992). Although the expression of both isoforms in 
the same cells (Perney et al., 1992; Weiser et al., 1995) suggests 
that they could form heteromultimers in vivo, Kv3.1a protein 
could not be detected in immunoprecipitates from rat brain 
membranes using the C-terminus antibody, which recognizes 
only the Kv3.1 b channel protein (Fig. 6a, lane 5). 

Effect of phorbol ester treatment on high-threshold current 
in MNTB neurons 

Having confirmed the molecular identity of the native high- 
threshold current as Kv3.1, we next tested the effect of PMA on 
potassium currents and the firing pattern of MNTB neurons. In 9 
of 12 experiments, the amplitude of the high-threshold compo- 
nent of current evoked from a holding potential of —40 mV was 
reduced by 44.8 ± 2.17% in response to 100 nM PMA (Fig. 6b). 
The time course of inhibition closely matched that for the inhi- 
bition of Kv3. lb by PMA in transfected cells. Moreover, the in- 
active phorbol ester 4a- PMA had no effect on MNTB current 
amplitude (Fig. 4). In 3 of the 12 experiments conducted, how- 
ever, there was very little effect of PMA on I HX current (4.50 ± 
0.76%). Finally, PMA had little or no effect on the low- threshold 
component of current, obtained by subtracting the high- 
threshold component of current from the total outward current 
at a test potential of —20 mV, in which a majority of the total 
outward current is of the low- threshold type (Fig. la). Consistent 
with this finding was the observation that the spike threshold is 
unaltered and that MNTB neurons fire a single action potential in 
response to a sustained current injection both before and after 
PMA treatment (Fig. lb). This limited depolarization has been 
shown to be mediated by the activation of the low-threshold 
current, which results in the lowering of the input resistance and 
a shortening of membrane time constants in the depolarizing 
voltage range, thus preventing repetitive firing in response to a 
sustained current injection (Wu and Kelly, 1993; Brew and For- 
sythe, 1995; Wang et al., 1998). 

Additional analysis of the action of PMA on the J HT current 
also showed that its effects closely matched those for Kv3. 1 in 
CHO cells and that PMA produced no change in the activation or 
deactivation kinetics in any experiment. Native J HX currents had 
10-90% rise times for maximal activation at 60 mV of 1.41 ± 
0.18 msec (n = 8) during the control period versus 1.12 ± 0.15 
msec (n = 8) after 15 min PMA treatment. Deactivation kinetics 
of macroscopic currents were obtained by tail currents generated 
by a 100 msec depolarizing pulse to +40 mV, followed by mem- 
brane potential repolarization to test potentials between —100 
and —20 mV. Deactivation kinetics were fit by a single exponen- 
tial and yielded time constants of 2.35 ± 0.25 [n = 9) during the 
control period and 2.24 ± 0.28 (n = 8) at -40 mV after treat- 
ment of 15 min PMA. Like the cloned Kv3.1b channel, there was 
also no effect on the voltage dependence of activation of 7 HT 
(midpoint of activation, 16.6 ± 1.5 mV during control period vs 
17.8 ± 1.0 mV after PMA). 

Other parameters that were measured before and after PMA 
treatment included the mean slope of the rising phase of action 
potentials, which remained unchanged (before PMA, 171.8 ± 
16.6 mV/msec; after PMA, 189.3 ± 13.8 mV/msec). In addition, 
the peak voltage reached by action potentials remained un- 
changed (before PMA, +28.8 ± 0.4 mV; after PMA, +30.6 ± 0.8 
mV), and the mean resting potential remained unchanged (be- 
fore PMA, -64.2 ± 1.12 mV; after PMA, -65.2 ± 0.87 mV). The 
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Figure 7. Effect of 100 nwi PMA on low-threshold current from an MNTB neuron, a, Low- 
threshold current was obtained by subtracting the high-threshold component of outward cur- 
rent evoked from a holding potential of —40 mV to a test potential of —20 mV from total 
outward current evoked from a holding potential of —70 mV to a test potential of —20 mV 
(/ LT = / T0T — / HT ) before and after PMA treatment (a = 8). b, Current-clamp recording from an 
MNTB neuron in response to a seriesof 1 00 msec current injections ranging from — 50to 150 pA 
before and after PMA treatment (/? = 4). 

findings argue that a change in sodium currents is unlikely to 
contribute to the observed effects. 

Effect of phorbol ester on firing properties of MNTB neurons 

In contrast to the complete loss of Kv3. 1 current produced by 
knock-out of the Kv3.1 gene, the partial suppression of Kv3.1b 
current by protein kinase C might be expected to produce smaller 
changes in firing characteristics and contribute to the fine-tuning 
of auditory information processing. We therefore examined the 
effect of 100 nM PMA on the response of MNTB neurons to 
different frequencies of stimulation. To avoid the presynaptic 
effects of PMA at the MNTB synapse (Hori et al., 1999), we used 
direct current stimulation of MNTB neurons. At frequencies up 
to 300 Hz, at which MNTB neurons fire action potentials in 
response to every stimulus pulse, there was no effect of PMA on 
the ability of the cells to follow stimulation. At slightly higher 
frequencies, however, action potentials are not generated in re- 
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Figure 8. Effect of PMA treatment on firing properties of an MNTB neuron (13 d old) in 
response to different frequencies of stimulation [n = 6). a, Plots of the delay from the onset of 
the stimulus pulse to the peak of the action potential before {Control) and 15 min after {PMA) 
treatment with 100 nwi PM. Arrows denote failure to evoke an action potential in response to a 
stimulus. Failure wasdefined asa membrane depolarizationto less than — 1 0 mV in response to 
a current injection (one that has no detectable regenerative component), b, Superimposed 
action potentials in response to 100, 300, and 400 Hz stimulation. Failures were omitted from 
the superimposed traces. 



sponse to every stimulus, and the firing pattern is characterized 
by intermittent failures separated by brief trains of action poten- 
tials. For example, in the cell shown in Figure 8a, the control 
response at 400 Hz consists of groups of two or three consecutive 
action potentials separated by failures to reach threshold for spike 
initiation. At these intermediate frequencies at which failures are 
first detected, exposure of MNTB neurons to PMA reduced the 
number of failures. For example, in the cell shown in Figure 8a, 
PMA produced a small reduction in the number of failures in 
response to stimulation. 

More striking than the effect of PMA on the number of fail- 
ures was its effect on the timing of action potentials. To examine 
differences in the timing of the evoked action potentials, we su- 
perimposed successive action potentials locked to the stimulus 
(Fig. 8b). In addition, we plotted the change in the delay from the 
onset of the stimulus to the peak of the action potential during the 
stimulus trains. At frequencies up to 300 Hz at which all stimuli 
evoked action potentials, the latency from the onset of the stim- 
ulus pulse to the peak of the action potential was invariant, as seen 
by the superposition of the response to consecutive current 
pulses. The occurrence of failures, which occurs at higher fre- 
quencies, however, substantially disrupts the timing of the action 
potentials. The latency from onset of the current pulse to the peak 
of the action potential was found to vary by 500 /xsec or more in 
the burst of action potentials separated by failures. Exposure of 
MNTB neurons to PMA, however, was found to reduce signifi- 
cantly the variance of the latency at 400 Hz [at 400 Hz, control 
delay of 0.99 ±0.17 (SD) msec; after PMA, delay of 0.85 ±0.11 
msec;p (delay) < 0.0001; p (variance) < 0.015; n = 46 action poten- 
tials] (Fig. 8b). 

Because it is certain that, in addition to their effects on Kv3.1 
currents, activators of protein kinase C have a variety of other 
actions on MNTB neurons, we performed numerical simulations 
to compare the effects of a partial reduction of Kv3. 1 current with 
those of PMA. We used a model that had been used previously to 
predict the firing pattern of MNTB neurons and that incorpo- 
rates the amplitudes and kinetics of currents measured directly in 
these cells (Wanget al., 1998). The response of the model neurons 
to current pulses at different frequencies were tested with control 
conditions ( 150 nS Kv3. 1 conductance) and in response to alter- 
ing the level of Kv3. 1 current to a similar degree as in PMA- 
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Figure 9. Model of an MNTB neuron in response to different frequencies of stimulation. o, 
Plots of the delay from the onset of the stimulus pulse to the peak of the action potential under 
control conditions (150 nS Kv3.1 conductance) and under conditions in which the level of Kv3.1 
current amplitude is reduced to a similar degree as in PMA-treated neurons (100 nS Kv3.1 
conductance). Arrows denote failure to evoke an action potential in response to a stimulus. 
Failure wasdefined asa membranedepolarizationto lessthan — 10 mV in responseto a current 
injection. /^Superimposed action potentials in responseto 1 00, 350, 360, or41 0 Hz stimulation. 
Failures were omitted from the superimposed traces. 

treated MNTB neurons (100 nS Kv3.1 conductance) (Fig. 9). As 
with the native neurons, the model neuron was able to respond to 
each stimulus pulse up to 300 Hz, and the timing of action po- 
tentials was uniform throughout a maintained stimulus train, 
with either level of Kv3.1 current. However, as the stimulus fre- 
quency was increased, a critical frequency was reached at which 
failures began to occur (350 Hz with 150 nS Kv3. 1 in Fig. 9 a). At 
this point, the timing of the action potentials was also disrupted, 
with a progressive increase in the latency of the response with 
consecutive action potentials. At "intermediate" stimulus fre- 
quencies above this critical frequency, the latency during a train 
of action potentials could vary by > 1 msec. When the level of 
Kv3.1 current was reduced by 33% at these frequencies, the fail- 
ures were reduced or eliminated, and the timing of the action 
potentials was restored (Fig. 9b). As the stimulus frequency was 
increased, however, the effects of the reduction of Kv3. 1 were less 
apparent (410 Hz in Fig. 9), and, at higher frequencies, the ability 
of the model neurons to respond was attenuated by the reduction 
in Kv3.1 current (data not shown). The simulation studies show 
that a reduction in Kv3. 1 current alone is predicted to decrease 
the number of failures and to significantly reduce the variance of 
the timing of action potentials at intermediate frequencies of 
stimulation. 

Discussion 

Kv3.1 is critical for the preservation of timing information 

Within the auditory brainstem, the Kv3. 1 channel is expressed at 
high levels in spherical and globular bushy cells of the cochlear 
nucleus (Perney and Kaczmarek, 1997) and in principal neurons 
of the MNTB (Li et al., 2001), which receive a secure synaptic 
input from the globular bushy cells (Smith et al., 1991). The large 
calyx of Held synaptic ending from globular bushy cells onto the 
somata of MNTB neurons is specialized for temporally invariant 
transmission of excitatory inputs (Morest, 1968; Borst et al., 
1995; Joris, 1996; Trussell, 1999), and evidence suggests that 
MNTB neurons faithfully transmit temporal information from 
globular bushy cells (Smith et al., 1998). Many globular bushy 
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cells have spontaneous firing rates of over 100 Hz and, when 
driven by sounds, attain firing frequencies of 500-600 Hz 
(Rhode and Smith, 1986; Spirou et al., 1990). Our findings sug- 
gest that the Kv3.1 potassium channel is required for the normal 
ability of these cells to follow such high-frequency stimulation. 

MNTB neurons provide an inhibitory input to the lateral su- 
perior olive and participate in a pathway that detects interaural 
intensity differences in high-frequency sounds (Joris and Yin, 
1995, 1998; Tollin and Yin, 2002). They also project to other 
auditory nuclei, including the medial superior olive, which de- 
tects interaural timing differences in lower-frequency sounds. 
The characteristic frequencies of a population of globular bushy 
cells, which provide the excitatory input to the MNTB, lie within 
the range at which phase-locking occurs (<4000 Hz), and exper- 
iments with cats have shown that these cells have the ability to 
lock their action potentials very precisely to the phase of auditory 
stimuli at these frequencies (Smith et al., 1991). Nevertheless, the 
majority of these neurons, as well as their MNTB targets, have 
characteristic frequencies >4000 Hz (Guinan et al., 1972; Smith 
et al., 1991, 1998), and neurons are incapable of phase locking to 
such higher frequencies. Neurons with high characteristic fre- 
quencies, however, also respond to lower sound frequencies, and 
their ability to phase lock at these lower frequencies is even en- 
hanced over that of cells with lower characteristic frequencies 
(Joris et al., 1994). Our present results suggest that direct phos- 
phorylation of the Kv3.1 channel by protein kinase C provides a 
potential mechanism that can adjust the accuracy of timing of the 
response of MNTB neurons. Such adjustments of timing could 
occur either at frequencies close to the characteristic frequency or 
when a neuron is driven at quite different frequencies. Indeed, it 
has been proposed that the pathway from the globular bushy cells 
to the lateral superior olive via the MNTB comprises a circuit that 
can determine timing differences in high-frequency sounds that 
are amplitude modulated at lower frequencies (Joris and Yin, 
1995; Joris, 1996). 

Because the effects of PKC activation on the amplitude of 
Kv3.1 current occur over a period of several minutes, such mod- 
ulation could reflect a slow adaptation to the auditory environ- 
ment. Nevertheless, although the pathways that lead to the regu- 
lation of protein kinase C in MNTB neurons remains to be 
defined, it is likely that receptor-mediated activation is more 
rapid than pharmacological activation and that modulation 
could occur on a faster time scale. 

The Kv3.1b isoform predominates in the principal neurons of 
the MNTB 

The simplest interpretation of the finding that deletion of the 
Kv3.1 gene results in the near total elimination of the high- 
threshold 7 HT current is that the I HX channel represents a homo- 
multimer of Kv3.1 sub units. In addition to Kv3.1, MNTB neu- 
rons express mRNA for Kv3.3, another Shaw subfamily channel. 
In contrast to Kv3.1, Kv3.3 produces potassium currents with 
variable inactivation rates dependent on the heterologous expres- 
sion system in which the gene is expressed (Rudy, 1999). The i HT 
current is, however, noninactivating, and its kinetics very closely 
match those of Kv3.1 (Brew and Forsythe, 1995; Wang et al., 
1998). Nevertheless, the small amount of residual high-threshold 
TEA- sensitive current remaining in Kv3.1— /— mice may also 
represent Kv3.3 current or some other unidentified potassium 
channel. 

We found that Kv3.1a and Kv3.1b, the two channel sub units 
that are generated by the Kv3. 1 gene, produce indistinguishable 
basal currents and that both channel proteins are substrates for 
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phosphorylation, but that the two isoforms are differentially 
modulated by protein kinase C. In particular, phosphorylation of 
the consensus protein kinase site at serine 503 of Kv3. lb produces 
a decrease in current for this isoform. This is consistent with 
previous observations that activators of protein kinase C produce 
a decrease in channel open probability in Kv3.1b-transfected 
cells (Kanemasa et al., 1995). Nevertheless, because activation of 
this enzyme produces little or no change in the voltage dependence 
or kinetic behavior of the macroscopic currents, we cannot eliminate 
the possibility that a proportion of channels becomes silent during 
phosphorylation, as would occur if phosphorylation at serine 503 
allowed them to interact with an endogenous inhibitor. 

In situ hybridization and RNase protection assays indicate 
that the regional expression of both Kv3. 1 isoforms overlaps in all 
brain areas (Perney et al., 1992). The Kv3.1a transcript predom- 
inates early in development and can be detected as early as em- 
bryonic day 17. There is a pronounced increase in the level of the 
Kv3.1b transcript from postnatal day 8 to postnatal day 14, the 
major period of synaptogenesis, and Kv3.1b becomes the major 
isoform in the mature brain, although the Kv3.1a transcript also 
persist into adulthood (Perney et al., 1992; Liu and Kaczmarek, 
1998). In the cerebellum, in which both splice variants are ex- 
pressed, it has been shown that the levels of the two variants are 
regulated by distinct mechanisms during development (Weiser et 
al., 1995; Liu and Kaczmarek, 1998). It has been suggested that the 
C terminus of Kv3.1a, which diverges from Kv3.1b in the last 10 
amino acids, plays a role in targeting heteromultimers of Kv3. la and 
Kv3. lb to axons and terminals. Although we did not find evidence of 
heteromultimerization between Kv3. la and Kv3. lb by coimmuno- 
precipitation from whole-brain homogenates, we cannot eliminate 
the possibility that Kv3.1b heteromultimerizes with Kv3.1a in cer- 
tain neuronal populations (Rudy, 1999). 

PKC-mediated phosphorylation of Kv3.1 improves timing at 
intermediate frequencies 

A high level of basal phosphorylation of Kv3.1 has been demon- 
strated previously and can be attributed primarily to the actions 
of casein kinase 2 (Macica and Kaczmarek, 2001). Our present 
data suggest that the switch from to Kv3.1a to Kv3.1b during 
development permits the 7 HT current of MNTB neurons to be 
modulated by protein kinase C, after synaptic transmission has 
been established. Activation of this enzyme influences the ampli- 
tude of the 7 HT current with no apparent change in voltage de- 
pendence or kinetics. Genetic knock-out, pharmacological, and 
computer modeling studies all indicate that a decrease in 7 HT 
current impairs the ability of the neurons to follow very-high- 
frequency stimulation. Nevertheless, a partial decrease in/ HT cur- 
rent significantly improves the fidelity of firing and the timing of 
action potentials at those intermediate frequencies at which stim- 
ulation produces bursts of two or more action potentials inter- 
rupted by failures. Under these conditions, there is a progressive 
build up of inhibitory potassium conductance (both I HT and 7 LT ) 
during the burst, resulting in a progressive delay in the occur- 
rence of action potentials. This delay can reach hundreds of mi- 
croseconds, a condition that would preclude computation of 
small timing differences by the auditory brainstem circuits. A 
decrease in I HT current decreases the inhibitory conductance, 
generating additional action potentials and restoring more uni- 
form spike latencies. At high-stimulus frequencies at which single 
action potentials are separated by failures, however, a decrease in 
I HT does not improve responses. 

The biophysical characteristics of Kv3.1, particularly its acti- 
vation only at positive potentials, make it particularly suitable for 
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modulation of fidelity of propagation through the MNTB. In 
addition to simulating the effects of small changes in Kv3.1 cur- 
rent, we modeled the actions of decreases in the low-threshold 
potassium current or of increases in sodium current. Although 
both of these manipulations can restore one-to-one firing at in- 
termediate frequencies of stimulation, they render the cells more 
likely to fire spontaneous action potentials and to generate more 
than one action potential in response to depolarizing currents, 
changes that would degrade auditory information. Nevertheless, 
although we did not find any modulation of 7 LT by PKC, it is 
probable that channels other than Kv3.1 are also subject to mod- 
ulation in MNTB neurons. 

Each individual auditory nerve fiber, neuron of the cochlear 
nucleus, or principal neuron of the MNTB can be assigned a 
characteristic frequency, which represents that frequency of 
sound for which the neuron has the lowest threshold. Neurons 
with different characteristic frequencies are organized tonotopi- 
cally within their nuclei, reflecting their innervation by fibers 
originating in different regions of the cochlea. At higher sound 
intensities, however, MNTB neurons respond over a wider range 
of frequencies (Joris et al., 1994). Modulation of potassium con- 
ductances may provide one mechanism for adjusting the firing 
pattern of a neuron so that it can accurately follow a specific 
pattern of auditory stimulation. Although the pathways that lead 
to the regulation of protein kinase C in MNTB neurons remains 
to be defined, modulation of Kv3.1 by PKC may provide one 
mechanism for fine-tuning the frequency-dependent responses 
of MNTB neurons to auditory stimuli. 
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ABSTRACT: Four mammalian Kv3 genes have been identified, each of which gener- 
ates, by alternative splicing, multiple protein products differing in their C-terminal 
sequence. Products of the Kv3.1 and Kv3.2 genes express similar delayed-rectifier 
type currents in heterologous expression systems, while Kv3.3 and Kv3.4 proteins 
express A-type currents. All Kv3 currents activate relatively fast at voltages more 
positive than -10 mV, and deactivate very fast. The distribution of Kv3 mRNAs in 
the rodent CNS was studied by in situ hybridization, and the localization of Kv3.1 
and Kv3.2 proteins has been studied by immunohistochemistry. Most Kv3.2 mRNAs 
(~90%) are present in thalamic-relay neurons throughout the dorsal thalamus. The 
protein is expressed mainly in the axons and terminals of these neurons. Kv3.2 chan- 
nels are thought to be important for thalamocortical signal transmission. Kv 3.1 and 
Kv3.2 proteins are coexpressed in some neuronal populations such as in fast-spiking 
interneurons of the cortex and hippocampus, and neurons in the globus pallidus. 
Coprecipitation studies suggest that in these cells the two types of protein form heter- 
omeric channels. Kv3 proteins appear to mediate, in native neurons, similar currents 
to those seen in heterologous expression systems. The activation voltage and fast 
deactivation rates are believed to allow these channels to help repolarize action 
potentials fast without affecting the threshold for action potential generation. The 
fast deactivating current generates a quickly recovering afterhyperpolarization, thus 
maximizing the rate of recovery of Na + channel inactivation without contributing to 
an increase in the duration of the refractory period. These properties are believed to 
contribute to the ability of neurons to fire at high frequencies and to help regulate the 
fidelity of synaptic transmission. Experimental evidence has now become available 
showing that Kv3.1-Kv3.2 channels play critical roles in the generation of fast-spik- 
ing properties in cortical GABAergic interneurons. 

The four known Kv3 genes were identified nearly a decade ago. 1 " 13 Injection of Kv3 
cRNAs into Xenopus oocytes induced expression of voltage-gated K + channels that 
had unusual properties, which, as far as we could tell at the time, were unlike any voltage- 
dependent K + currents described in native neurons. In particular, the currents did not acti- 
vate significantly until the membrane was depolarized to membrane potentials more posi- 
tive than -10 mV. Yet Northern blot analysis showed that transcripts of at least three of the 
four genes were abundantly expressed in brain, some of them as abundantly as the most 
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abundant K + channel transcripts known then. 14,15 We considered three main possibilities to 
explain the apparent lack of Kv3-like currents in native cells: 

1. that native Kv3 channels have different properties from those seen in the oocyte 
due to posttranslational modifications or interactions of Kv3 subunits with auxil- 
iary proteins; 

2. that Kv3 proteins are targeted to neuronal compartments, such as axons and termi- 
nals, with restricted accessibility to electrophysiological methods; and 

3. that native Kv3 currents have properties such as those in the oocyte but they had 
not been described in neurons due to the problems of separating components of 
the total K + current. 

Moreover, we reasoned that native Kv3 currents may play very specific roles in neurons if 
their properties are similar to those in the oocyte. 

We decided that in either case Kv3 proteins were a good point to start investigating the 
relationship between cloned channel components and native channels. We also found Kv3 
proteins interesting to pursue because the evolution of Kv3 genes appeared to be different 
from the evolution of Kv genes of other subfamilies. Mammalian products of a given Kv 
subfamily are more similar to one of four Kv-like genes in Drosophila than to a mamma- 
lian product of a different subfamily, indicating that precursor genes to each subfamily 
existed prior to the divergence of chordates and arthropods. Kv3 proteins are more similar 
to the products of the Drosophila Shaw gene than to other Drosophila or mammalian Kv 
proteins. 15 However, the percentage of amino acid identity seen between mammalian Kv3 
proteins and Shaw (49-56%) is significantly less than that seen between mammalian and 
fly homologues in the other Kv subfamilies (70-80%). Even perhaps more significant, 
while Kv3 proteins are more similar to Shaw in certain regions of the protein, they are 
more similar to members of other Kv subfamilies in the S4 domain and the sequences near 
this domain (see Table 6 in Ref. 15). Functionally, mammalian Kv3 channels differ con- 
siderably from Shaw channels, which lack the unique properties that distinguish Kv3 cur- 
rents from other voltage-dependent currents (see sections on functional expression and 
neuronal roles, below). Gene conversion events, or other mechanisms have been suggested 
to explain the evolution of mammalian Kv3 genes. 15 Whatever the mechanism, mamma- 
lian-like Kv3 genes appear to be a recent evolutionary acquisition, specific to species in 
the evolutionary line leading to mammals, suggesting they might be used in neuronal 
properties that are specific to mammals and other vertebrates. 

A several-year-long effort by our laboratory and others has shown that native Kv3 cur- 
rents in neurons are similar to those in heterologous expression systems, and is beginning 
to provide evidence that they indeed play special roles in neuronal excitability. 

A review on Kv3 genes was published in 1994. 15 This review discussed in detail sev- 
eral aspects of the work with these genes that will not be considered extensively in this 
article (such as the patterns of alternative splicing and genomic structure of Kv3 genes, the 
tissue expression and brain distribution of Kv3 mRNA transcripts, the properties of homo- 
multimeric and heteromultimeric Kv3 channels in Xenopus oocytes, and the analysis of 
structural and functional domains of Kv3 proteins). Instead we will focus here on the work 
demonstrating that Kv3 channels in neurons have properties similar to those in heterolo- 
gous expression systems and describe the studies that are particularly relevant to under- 
standing their neuronal roles. 
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THE Kv3 K + CHANNEL GENE SUBFAMILY 

The Kv3 or Shaw -related subfamily in mammals is similar to the other Kv subfamilies 
in that several genes have been formed by gene duplication throughout animal evolution. 
There are four Kv3 genes known both in rodents and humans, 9 ' 15 and their chromosomal 
locations have been determined in mouse and human (see chapter by Coetzee et al. in this 
volume). 16 In the last few years Kv3 genes have been identified in other vertebrate spe- 
cies. 17 ' 18 

All four Kv3 genes known in mammals generate multiple products by alternative splic- 
ing. The analysis of cDNAs predicts the existence of twelve different Kv3 proteins in 
mammals (Fig. 1). The alternatively spliced transcripts of each gene have identical nucle- 
otide sequences from the assumed starting ATG up to a point of divergence near, but prior 
to, the in-frame stop codon, predicting protein products with different carboxyl ends. The 
point of divergence conforms to the consensus sequence for donor splice junctions. These 
sequence relationships suggest that the different transcripts arise by alternative splicing of 
a primary transcript rather than by transcription from separate but highly homologous 
genes. Other data supporting this conclusion have been discussed previously (see Ref. 15). 

Two sites of alternative splicing have been observed. In some Kv3 genes (such as 
Kv3.1) the divergence follows the second protein-coding exon, which encodes the trans- 
membrane portion of the protein. In Kv3.2, the point of divergence occurs at the end of the 
third protein-coding exon. In Kv3.3 and Kv3.4 alternative splicing at both sites has been 
observed. In all cases, the alternative splicing changes only the C-terminal portion of the 
protein; the point of divergence starts at least 50 residues after the last membrane- spanning 
domain. In some instances, the alternatively spliced C-termini are very short: 10 amino 
acids in Kv3.1a. The longest occurs in Kv3.3a, where it is over 200 residues (Figs. 1 and 
3). The variable C-termini do not affect the electrophysiological properties of the currents 
expressed by the products of a particular Kv3 gene. Possible roles of this alternative splic- 
ing are discussed later in this chapter. In addition to the alternative-splicing generating 
proteins with divergent C-termini, alternative splicing at the 5' end, generating transcripts 
with different 5' UTRs, but not affecting the sequence of the protein, has been observed in 
some Kv3 genes. 14 ' 15 ' 19 In some genes encoding inward rectifying K + channels, alternative 
splicing of the 5' UTR results in the expression of transcripts having different tissue 
expression 20 (see also Coetzee et al, in this volume). Perhaps the alternative splicing of 
the 5' UTR of the Kv3.2 gene is associated with the differential developmental expression 
in the thalamus as compared to other brain areas (see below). The predicted amino acid 
sequences of the constant region (prior to the point of divergence of the alternative spliced 
isoforms) of the products of the four Kv3 genes is shown in Figure. 2, and the amino acid 
sequences of the alternatively spliced C-termini in Figure 3. 

Kv3 CHANNELS IN MAMMALIAN HETEROLOGOUS-EXPRESSION 

SYSTEMS 

The properties of Kv3 currents in Xenopus oocytes were previously reviewed. 15 ' 21 Kv3 
cDNAs have been transfected in several types of mammalian cells that have negligible 
intrinsic K + currents. Both stable and transient transfection methods have been used. Our 
laboratory has studied at least one alternatively spliced isoform of each of the four Kv3 
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FIGURE 1. Mammalian Kv3 proteins. Four known Kv3 genes encode 12 proteins by alternative 
splicing. Kv3 isoforms from a given gene differ only in their C-terminal sequence. Proteins express- 
ing inactivating channels (Kv3.3x and Kv3.4x) have an NH-terminal insert preceding the methionine 
(M) residue, which aligns with the starting methionine of Kv3.1 and Kv3.2 and is responsible for 
channel inactivation. S1-S6, trasmembrane domains; P, pore domain (also known as H5 domain). 
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FIGURE 2. Amino acid sequence of the constant region of Kv3 proteins. Amino acids identical to 
those in Kv3.1 are shown with a dash. Gaps required to optimize the alignment are shown as blanks. 
Note that the second methionine of Kv3.3 and Kv3.4 aligns with the starting methionine of Kv3.1 
and Kv3.2. The sequences between the first and the second methionine of Kv3.3 and Kv3.4 are 
required for channel inactivation. Exon boundaries are shown with arrows. The S1-S6 and H5 (or P) 
domains are overlined. Proline-rich sequences in Kv3.2 and Kv3 are underlined. Triangles indicate 
putative N-glycosylation sites. The positively charged residues in S4 have been boxed. The leucines 
in the Shaker leucine heptad repeat adjacent to the S4 domain are indicated with a solid circle. In Kv3 
proteins the fourth position in the repeat is phenylalanine, but is a leucine in other Kv proteins. Resi- 
dues in the P domain found by mutagenesis in Kv3.1 to be important in determining pore properties 
are boxed. A cluster of positive charges after the S6 domain is indicated with a star. (Modified from 
Vega-Saenz de Miera et al. 15 ) 



genes in Chinese Hamster Ovary (CHO) or HEK293T cells. Studies with mammalian cells 
have several advantages over the Xenopus oocyte expression system. The most important 
for the purpose of comparison with native neuronal channels is that currents can be 
recorded with the same methods (patch clamp in the whole cell and various patch configu- 
rations) and identical solutions that are used to record the currents in the native cells. 
Moreover, whole cell clamp of small mammalian cells (as compared to nearly 1-mm-in- 
diameter frog eggs) allows for better space clamp control and increased resolution. Fur- 
thermore, since we are studying mammalian proteins, it is more likely that the protein will 
be processed correctly in the mammalian cell than in the frog oocyte. 

Untransfected CHO and HEK293T cells have negligible outward currents under the 
pulse protocols used to characterize Kv3 currents (<100 pA for the largest depolariza- 
tions). On the other hand, CHO cells transfected with each of the four Kv3 cDNAs 
(Kv3.1b, Kv3.2a, Kv3.3a, and Kv3.4a) have large voltage-dependent K + currents with a 
similar voltage-dependence, as observed in Xenopus oocytes (Fig. 4). The currents become 
apparent when the membrane is depolarized to potentials more positive than -10 mV. As 
in oocytes, Kv3.1 and Kv3.2 currents are of the delayed-rectifier type. Upon depolariza- 
tion, they rise relatively fast, with a similar time course, to a maximum level that is main- 
tained for the duration of pulses lasting a few hundred milliseconds. A slow inactivation 
becomes evident with pulses of longer duration, which is faster for Kv3.1 than for Kv3.2 
channels (data not shown). Kv3.4 currents are of the A-type. They activate and inactivate 
very fast, as in oocytes. However, Kv3.3 currents, which are also transient when expressed 
in oocytes, resembled Kv3.1 and Kv3.2 currents when expressed in CHO or HEK-293T 
cells. 

We do not yet understand why Kv3.3 currents are transient in oocytes but sustained in 
mammalian cells. The differences are not the result of the different methods of expressing 
the protein in the two expression systems, since CHO cells microinjected with the same 
Kv3.3a cRNA used in oocytes express identical currents to those seen in Kv3.3a-trans- 
fected cells. Inactivation of Kv3.3 and Kv3.4 channels is of the N-type 22 and can be 
removed by deleting NH-terminal inserts present in Kv3.3 and Kv3.4 proteins, but not in 
Kv3.1 and Kv3.2 proteins (Figs. 1 and 2; see also Ref. 15). It is possible that the differ- 
ences are the result of the different methods used to record whole cell currents in the two 
preparations: two-microelectrode voltage-clamp of intact cells in the case of oocytes and 
whole cell patch-clamp in the case of mammalian cells. Inactivation may be lost in the 
mammalian cells because of dialysis into the patch pipette of a cytoplasmic component 
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important for the inactivation process. Inactivation could also be distinct due to differences 
in the posttranslational processing of the protein in the two expression systems. However, 
the differences may not be as interesting as these possibilities would suggest. Kv3.3 pro- 
teins have a methionine in frame with the predicted starting methionine at the end of the 
NH2-terminal insert encoding the N-inactivation gate (Figs. 1 and 2). It is possible that in 
the mammalian cell, translation of the protein starts at this second methionine. We should 
point out that if this turns out to be the explanation for the differences of Kv3.3 currents in 
oocytes and mammalian expression systems, this does not tell us how the protein will be 
translated in native neurons. The cDNAs that are available lack elements in their 5' UTR 
that might be required for the proper selection of translation start site in mammalian cells. 

Kv3 currents have several unusual properties that distinguish them from those of other 
delayed rectifier K + channels known (Table 1). These include their activation voltage 
range that is more positive than that of other voltage-gated K + channels. The channels with 
the nearest activation voltage (Kv2.1 and Kv2.2) show significant activation at 10-20 mV 
more negative potentials. Although Kv3 channel opening becomes significant at high 
potentials (more positive than -10 mV), the probability of channel opening increases 
steeply with voltage and >80% of the channels are opened between +30 and +40 mV. As a 
result of the steep voltage-dependence, the midpoints of the conductance-voltage relation- 
ships of Kv3 channels are not that different from those of other voltage-dependent K + cur- 
rents (see Coetzee et al. in this volume). This distinguishes mammalian Kv3 currents from 
the currents expressed by the Drosophila Shaw protein, which also start activating at high 
voltages but have a very weak voltage-dependence, producing a midpoint of activation 
above +70 mV. 23 ' 24 

The rate of rise of Kv3.1-Kv3.3 currents is relatively fast; faster than many other volt- 
age-gated K + channels (e.g., Kv2.x; Kvl.2) but slower than that of other voltage-gated K + 
channels such as several Kvl channels like Kvl.l, Kvl.4 and Kvl.5 (see Coetzee et al. in 
this volume). Kv3.4 currents rise faster than Kv3.1-Kv3.3 currents. In contrast to other 
delayed rectifiers, Kv3.1 and Kv3.2 currents are not significantly inactivated by depolariz- 
ing prepulses 25 and do not show cumulative inactivation (Ref. 26 and unpublished obser- 
vations). Records of Kv3.1 and Kv3.2 currents in mammalian cells (but not in oocytes) 
often show an initial fast transient component. This is usually very small (<5% of the cur- 
rent) and is seen mainly in response to large depolarizing pulses (to >+30 mV). The origin 
of this component is not clear yet. In our experience its presence and magnitude are very 
variable; it is more readily seen in HEK293T than in CHO cells; and it is bigger in cells 
expressing large currents. Critz et al. 21 have suggested that it might be associated with K + 
accumulation in the extracellular space. This would be consistent with the variability we 
have observed. Moreover, other fast-activating K + channels, lacking a transient compo- 
nent in oocytes, also have a small transient component when expressed in some mamma- 
lian cells (see Ref. 26). 

Another unusual feature of Kv3 currents is their fast rate of deactivation upon repolar- 
ization, first described for Kv3.1 currents expressed in NIH-3T3 and L929 cells by Griss- 
mer et al. 26 These authors found that Kv3.1 currents deactivated about 10 times faster than 
other cloned voltage-gated K + channels known at the time. This feature is shared by non- 
inactivating Kv3.1-Kv3.3 currents (Fig. 5). Kv3.4 channels deactivate slowly because 
they can not close until inactivation is removed (see below). Inactivating Kv3.3 currents 
may behave in the same fashion. Since then, many new voltage-gated channels have been 
identified; however only one of them, Kvl. 7, a non-neuronal member of the Kvl family 
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deactivates fast (closing rates are about 2-3 times the deactivation rates of Kv3 channels. 28 
The distinctive properties of Kv3 channels are likely to endow neurons with special elec- 
trophysiological properties (see below). 

Kv3.1 and Kv3.2 channels (and perhaps also Kv3.3-Kv3.4) are blocked by intracellu- 
lar Mg 2+ in a voltage-dependent manner, producing a negative slope conductance in the 
conductance-voltage curve. 15 Variations in the conductance-voltage relationship between 
different studies on mammalian cells might be associated with differences in intracellular 
Mg 2+ concentrations. Lower Mg 2+ concentrations will tend to produce apparent shifts in 
voltage-dependence to the right. It was recently shown that the special sensitivity of Kv3.1 
channels (as compared to other Kv channels) to intracellular Mg 2+ could be transferred to 
a Shaker channel by transplanting the Kv3.1 P domain. 29 

Table 1 also includes the values of the single channel conductance of Kv3 channels, 
most of which have been derived from measurements in Xenopus oocytes. In general, Kv3 
channels, particularly Kv3.1 and Kv3.2 have single channel conductances that are larger 
than most other voltage-gated K + channels (see Table 4 in Coetzee et al in this volume). 

While so far Kv3.3 and Kv3.4 channels have been given less attention than Kv3.1 and 
Kv3.2 channels, they show very interesting features. The NH-terminal inserts of both 
Kv3.3 and Kv3.4 responsible for the inactivation of these channels contain a cysteine resi- 
due surrounded by a very conserved sequence. A similar sequence is found in Kvl.4, a fast 
inactivating Shaker-related mammalian channel. The conservation of this sequence is even 
more notable given that there is otherwise very little amino acid sequence conservation in 
the amino ends of these proteins. 15 Ruppersberg et al 30 showed that exposure of the cyto- 
plasmic surface of Kvl.4 or Kv3.4 channels to air, presumably to oxygen (in inside-out 
excised membrane patches), resulted in removal of the inactivation process. In contrast to 
the effects of amino end deletions and other treatments, this inactivation removal was 
reversible. Inactivation was restored if the patch was reinserted into the cell or by exposure 
to reduced glutathione or DTT. 30 The effects of oxidation were not seen in channels 
expressed from a Kvl.4 protein where the cysteine was replaced with serine. 30 A model by 
which the redox state of this cysteine may modulate channel inactivation was proposed by 
these investigators. Similarly, exposure of oocytes expressing Kvl.4, Kv3.3, or Kv3.4 
channels to high micromolar concentrations of external H 2 0 2 resulted in a reversible 
removal of inactivation. 31 Concomitant with inactivation removal there was a significant 
increase in current magnitude, particularly large for Kv3.4 channels. The effects of H 2 0 2 
were specific to these three channels, and was not observed on channels expressed from a 
Kv3.3 cDNA in which the cysteine residue was mutated (Vega-Saenz de Miera and Rudy, 
unpublished observations). Moreover, there was no effect in channels which lack the con- 
served cysteine-containing sequence, including noninactivating Kv3.2 channels, inactivat- 
ing Drosophila Shaker channels, 31 or inactivating Kv4.1 and Kv4.2 channels. 32 Effects 
similar to those of H 2 0 2 were seen upon exposure to TV-ethyl maleimide, a reagent which 
alkylates free sulfhydryls, but in this case the effects were, as expected, irreversible. 

Another interesting feature of Kv3.4 channels expressed in heterologous expression sys- 
tems was described by Ruppersberg et al., 32 who found that inactivated Kv3.4a channels are 
able to pass current during repolarization. Apparently, these channels are unable to enter the 
resting closed state, when the membrane is hyperpolarized, until their inactivation is first 
removed, resulting in a long-lasting current (at voltages much more negative than those 
required for activation) while they are recovering from inactivation. It remains to be seen 
whether Kv3.3 channels, which inactivate more slowly, behave in a similar fashion. There is 
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also no evidence that this behavior is seen in native channels containing Kv3.4 proteins. 
Such behavior could drastically affect the role played by these channels. If inactivated Kv3.4 
channels are indeed able to pass current at negative potentials while they recover from inacti- 
vation, they could have subthreshold effects on cell excitability, unlike Kv3 channels lacking 
this property. Specifically, the first spike in a train could open and then quickly inactivate 
these channels. Upon repolarization of the membrane, the current through Kv3.4 channels 
recovering from inactivation could prevent the next spike or delay its onset. 

Regulation of Kv3 Currents by Phosphorylation and Dephosphorylation 

Several sites that fit the consensus sequence for protein-kinase phosphorylation are 
found in regions of Kv3 proteins that are thought to be intracellular. Some of these sites 
are found in products of all of the genes, some are found only in proteins encoded by a sin- 
gle gene, and some are specific to alternatively-spliced isoforms. 15 Three kinase systems, 
cAMP-dependent protein kinase (PKA), protein kinase C (PKC), and cGMP-dependent 
protein kinase (PKG) have now been shown to modulate Kv3 channel function in heterol- 
ogous expression systems (Table 1). 

PKA 

This kinase inhibits Kv3.2a and Kv3.2b channels by phosphorylating the unique PKA- 
consensus site present in the C-terminal area of the protein, before the point of divergence 
of the alternatively spliced isoforms. Kv3.1b channels, which lack a consensus site for 
PKA phosphorylation, are not affected by PKA. Other Kv3 proteins, all of which also lack 
consensus PKA sites, have not been tested. 34,35 

PKC 

This kinase modulates products of several Kv3 genes, but the functional effects vary 
depending on the subunit. PKC inhibits channels containing some alternatively spliced 
Kv3.2 isoforms, but not others (see the section entitled Functional Roles of Alternative 
Splicing below). PKC also inhibits Kv3.1 channels. 27,34,36 It has not yet been demonstrated 
that these modulations are the result of channel protein phosphorylation. On Kv3.4 chan- 
nels, PKC slows down N-inactivation by phosphorylating several PKC sites present in the 
NH-terminal sequence forming the structure responsible for inactivation. 37,38 A similar 
effect of PKC activation is seen on Kv3.3a and Kv3.3b channels, presumably also due to 
phosphorylation of the inactivating NH-terminal sequence. However, in addition, PKC 
produces large (200-400%) increases in Kv3.3 current levels which are independent of the 
effects on inactivation, and can be induced with lower doses of phorbol esters than those 
required to slow down inactivation, and are also blocked by PKC inhibitors. 39,40 

PKG 

Intracellular increases in cGMP concentrations, produced by the addition of permeable 
cGMP analogues or by stimulation of guanylyl cyclase with nitric oxide (NO) inhibit 
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Kv3.1b and Kv3.2a channels in a voltage-dependent manner. These effects are blocked by 
PKG inhibitors, but appear not to be the result of channel phosphorylation. 41,42 The data 
suggest that the channel inhibition produced by the activation of PKG is mediated by a 
specific phosphatase(s). We suggest that these enzymes dephosphorylate the channel pro- 
teins at sites that need to be phosphorylated for voltage-dependent activation to proceed 
normally. This hypothesis is consistent with the observation that exposure of the intracel- 
lular side of the membrane to alkaline phosphatase inhibits these channels as well as 
Kv3.3 and Kv3.4 channels. 40 The effects of PKG activation on Kv3.3 and Kv3.4 currents 
have not been tested. 



Pharmacological Properties 

At present there are no specific blockers for Kv3.1-Kv3.3 channels. However, in both 
Xenopus oocytes and in transfected mammalian cells, all Kv3 currents (including Kv3.4) 
are very sensitive to external tetraethylammonium (TEA) or 4-aminopyridine (4-AP) 
(Table 1). The sensitivity to TEA is particularly important and can be exploited to discrim- 
inate between known K + channels. Kv3 currents are > 80% blocked by 1 mM TEA. This 
concentration of TEA produces significant inhibition of only a few other known K + chan- 
nels (see Table 4 in Coetzee et al. in this volume). These include the large-conductance 
Ca 2+ activated K + channels containing proteins of the slo family (K d 80-330 ^iM), Kvl.l 
channels (K d ~ 0.3 mM), and KCNQ2 (90% blocked by 1 mM). These channel types can 
be distinguished from Kv3 by other properties (see Table 4 in Coetzee et al. in this vol- 
ume). Ca 2+ - activated K + channels can be suppressed by using Ca 2+ channel blockers in the 
extracellular solution, and by using BAPTA in the intracellular solution to chelate intracel- 
lular Ca 2+ . There are also many peptide toxins that block these channels (e.g., iberotoxin, 
IbTx; charybdotoxin, CTX; see Coetzee et al. in this volume). Kvl.l channels are blocked 
by dendro toxin (DTX) (K d ~ 10-20 nM). Kv3 currents are not affected by these or any of 
the other scorpion- or snake- venom-derived toxins that block other voltage- sensitive chan- 
nels (Table 1). KCNQX are very slowly activating and deactivating K + channels (time 
constants of the order of hundred of ms to sec). In contrast to their high sensitivity to extra- 
cellular TEA, Kv3 channels are less sensitive to intracellular TEA than are many other K + 
channels 43 

Kv3 channels are also very sensitive to 4-AP (Table 1). However, the values reported 
for the IC 50 for this channel blocker in different studies vary widely (e.g., IC 50 s ranging 
from 20 to 600 ^iM have been reported for Kv3.1). These variations probably reflect, at 
least in part, the complex kinetics of binding and unbinding of this drug to different states 
of the channel 43,44 The degree of channel block by 4-AP depends both on time and on the 
immediate history of opening and closing of the channel, and therefore on the pattern of 
stimulation of the cell during the measurements. We therefore believe that TEA is a better 
blocker than 4-AP to discriminate between Kv3 channels and other K + channels. More- 
over, many other K + channels are as sensitive or more sensitive than Kv3 channels to this 
drug 45 see also Coetzee et al. in this volume), including the ubiquitous "D" current. 46 ' 47 

A new set of peptides obtained from the venom of the sea anemone Anemonia sulcata, 
known as blood-depressing substance I and II (BDS-I and BDS-II) were recently shown to 
block specifically, reversibly, and at low concentrations (IC 50 values in the low nanomolar 
range) Kv3.4 channels in transfected COS cells. The toxins share no sequence similarity 
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with other K + channel toxins derived from sea anemone and did not block other Kv or 
inward rectifying channels. 48 These toxins are likely to become important tools to investi- 
gate the roles of Kv3.4 channels in native tissue. 



Properties of Kv3 Heteromeric Channels 



Like other members of the Kv family, Kv3 proteins can form heteromultimeric chan- 
nels with novel properties with other subunits of the same subfamily but not with proteins 
of other Kv subfamilies. 15,21,49 Heteromultimeric Kv channels have properties that are 
intermediary between those of the corresponding homomultimers, although some proper- 
ties might be closer to those of one or the other homomultimer. 15,21,49-53 Since all Kv3 
channels have similar voltage dependencies, one would expect that this parameter would 
not change in heteromultimers and this expectation has been confirmed experimentally. 
When two different Kv3 cRNAs are injected into Xenopus oocytes, the total current has a 
voltage-dependence similar to that of Kv3 homomultimers. Moreover, and perhaps not 
surprisingly, the currents recorded in cells co-expressing Kv3.1 and Kv3.2, which produce 
similar currents in a homomultimeric channel, are similar to Kv3.1 or Kv3.2 currents 
alone. The most interesting combinations are those of inactivating Kv3.3 or Kv3.4 pro- 
teins with those that produce sustained currents (Kv3.1 and Kv3.2). Oocytes injected with 
such combinations had fast inactivating currents that were several-fold larger than those 
seen in oocytes injected with the same amount of Kv3.4 or Kv3.3 cRNA alone. This is 
contrary to what might be expected from the algebraic sum of two independent currents 
and is consistent with the formation of heteromultimeric channels containing one or more 
Kv3.3 or Kv3.4 subunits plus several Kv3.1 or Kv3.2 subunits. The rate of inactivation 
increases with the number of inactivating subunits. 21 There is amplification of the transient 
current because a single inactivating subunit is sufficient to impart fast inactivating proper- 
ties to the channel complex. 52 



TISSUE-SPECIFIC EXPRESSION OF Kv3 GENES 



It is crucial to know where Kv3 proteins are found in order to identify cells where the 
properties of native Kv3 channels could be investigated and to be able to generate 
hypotheses about their physiological roles. We, in our laboratory, and others have there- 
fore dedicated a large effort to determining the distribution of Kv3 products. In rodents, 
three of the four known Kv3 genes (Kv3.1-Kv3.3) are expressed mainly in brain. Kv3.4 
is weakly expressed in brain, but strongly in skeletal muscle. Low levels of Kv3.1 are 
also seen in skeletal muscle, while low levels of Kv3.3 mRNAs are found in kidney and 
lung. Kv3.1, Kv3.3, and Kv3.4 products have also been identified in PC 12 pheochro- 
mocytoma cells. 8,15,21 Kv3 genes are weakly expressed, if at all, in the heart. We and 
others did not detect any Kv3 transcripts in rat heart by Northern blot analysis. 5,14,15,21 
Using the highly sensitive RNAse-protection method, Dixon and McKinnon 54 found 
extremely low levels for all four Kv3 genes in rat heart (faint signals were observed after 
very long [7-10-day] exposure as compared to robust signals produced by Kv3 probes 
in brain or by probes for other Kv subfamily mRNAs in heart after overnight exposure). 
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The presence of these weak signals might be of functional interest if they are derived 
from a small subpopulation of cells expressing significant levels of Kv3 transcripts. 
However, if such a subpopulation of cells exists, it remains to be identified. Kv3 tran- 
scripts might be more abundant in cardiac tissue in other species. In a study in enzymat- 
ically isolated ferret cardiac myocytes, Brahmajothi et al 55 reported the presence of 
Kv3 transcripts in several myocytes and Kv3.3 transcripts have been amplified by PCR 
from mouse heart RNA. 

By means of RNAse-protection, Kv3.4 transcripts were found to be abundantly 
expressed in sympathetic ganglia, at levels 273% higher than in brain. Kv3.3 and Kv3.1 
produced very weak signals that could only be detected after 1 week's exposure of the 
autoradiograms (as compared to robust signals seen after overnight exposure for many 
other Kv transcripts). Kv3.2 transcripts were not detected. 56 Kv3.1 transcripts are also 
found in T lymphocytes, where they are thought to encode the principal subunits of the /- 
type K + channel 57 (see below). According to one report, Kv3.2 transcripts could be ampli- 
fied by RT-PCR from transgenically derived betaTC3-neo insulinoma cells, but not from 
purified pancreatic |3 cells. 58 Except for this report, and the minimal expression in heart, 
Kv3.2 transcripts have not been detected outside the CNS. The tissue distribution of Kv3 
mRNAs is summarized in Table 2. 

Quantitative analysis 21 demonstrated that in the adult rat brain, Kv3.1 (Kv3.1b) and 
Kv3.3 transcripts were the most abundant Kv3 mRNAs. They appeared to be present in 
amounts similar to Kvl.2 mRNAs, an abundant Shaker-related transcript. Kv3.1 (Kv3.1b) 
and Kv3.3 mRNAs were ~3 times more abundant than Kv3.2 mRNAs, -6-8 times more 
abundant than Kv3.4 transcripts, and about 1/5 as abundant as Na + channels a subunit 
mRNAs. 



mRNA Distribution in Brain 

In situ hybridization histochemistry has been used to study the distribution of Kv3 
mRNAs in the central nervous system (CNS) of adult rats. 14,21,59,60 The work by Perney et 



TABLE 2. Tissue Expression of Kv3 Transcripts in Rodents 

Kv3.1 Kv3.2 Kv3.3 Kv3.4 

Brain +++ +++ +++ + 

Spinal cord +++ - +++ + 

Sympathetic ganglia ± - ± +++ 

Skeletal muscle + - - +++ 

Kidney - - + - 

Lung + 

Heart ± ± ± ± 

Lymphocytes ++ NA NA NA 

Symbols: +++, abundant; ++, moderate; +, low levels; ± barely detectable levels; -, nondetect- 
able; NA, data not available. 
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al. 59 on Kv3.1 and the work by Weiser et al 21 on Kv3.1-Kv3.4 include, in addition to low- 
resolution X-ray autoradiography (which provides regional localization), a higher, cellu- 
lar-resolution microscopic analysis of emulsion-dipped sections. These data have also 
been extensively reviewed 15 and are summarized in Figure 6. More recent studies in mice 
have largely confirmed the observations in rat. Kv3 genes appear to be expressed in neu- 
rons and not in glia. 21 ' 59 ' 61 

In the CNS each Kv3 gene shows a unique pattern of expression; however, tran- 
scripts of two or more Kv3 genes overlap in many neuronal populations. Kv3 genes are 
expressed in many, but not all, and not exclusively, GABAergic and glycinergic neurons 
in the CNS (Fig. 6). Kv3.1 and Kv3.3 transcripts overlap in many areas, particularly in 
the posterior part of the brain and in the spinal cord. Kv3.1 and Kv3.2 overlap in some 
neuronal populations, particularly in the anterior part of the brain, including the cortex, 
hippocampus, globus pallidus, deep cerebellar nuclei, and certain thalamic nuclei. How- 
ever, in other areas, Kv3.1 and Kv3.2 transcripts actually show a reciprocal expression 
pattern. For example, Kv3.2 is strongly expressed in dorsal thalamic nuclei, but 
extremely weakly in the ventral thalamus (including the reticular thalamic nucleus and 
the ventral lateral geniculate), while Kv3.1 has the opposite pattern. Similarly, Kv3.2 is 
strongly expressed in the dorsal cochlear nucleus and the ventral lateral lemniscus 
nucleus, while Kv3.1 transcripts predominate in the ventral cochlear and dorsal lateral 
lemniscus nuclei. 21 Kv3.4 transcripts are weakly expressed in brain and only in a few 
neuronal types, usually in neurons also expressing other Kv3 genes. Kv3.1 and Kv3.3 
are coexpressed in many neuronal populations, including most auditory central process- 
ing neurons, while Kv3.2 transcripts show the most restricted pattern of expression, with 
-90% of Kv3.2 mRNAs being present in thalamic relay neurons throughout the dorsal 
thalamus. In fact, Kv3.2 gene expression is among the most specific of all known K + 
channels. 



Protein Localization 

Since we last reviewed the patterns of expression of Kv3 mRNAs, 15 specific antibodies 
against the protein products of two genes (Kv3.1 and Kv3.2) have been raised in our labo- 
ratory, allowing localization of the protein product. The antibodies against Kv3.2 are 
directed to the amino terminal area of the protein and recognize all alternatively spliced 
isoforms. 34 ' 62 ' 63 In the case of Kv3.1, antibodies have been raised to the C-termini of both 
the Kv3.1a 64 ' 65 and Kv3.1b 66 " 68 (see also Refs. 69 and 70) proteins which are specific to 
each isoform. 

Both Kv3.1 and Kv3.2 proteins are present in somas, axons, and terminals. The pro- 
tein is concentrated in somatic, axonal, and presynaptic-terminal membranes and their 
underlying cytoplasm. The protein is not detected in dendrites, except in portions of pri- 
mary dendrites close to the cell body. While most cells expressing Kv3.1 and Kv3.2 
have protein in both the somatic and the axonal-terminal compartments (see section 
entitled Functional Roles of Alternative Splicing for the differential subcellular localiza- 
tion of the Kv3.1a and Kv3.1b isoforms), in thalamic relay neurons, the neuronal popu- 
lation containing the large majority of Kv3.2 transcripts in rodent brain, the protein is 
localized mainly in axons and terminals. 34 Kv3.2 antibodies stain the barrels in layer IV 
of somatosensory cortex, 34 and recent immunoelectron microscopy has confirmed the 
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FIGURE 6 (above and facing page). Distribution of Kv3 mRNAs in the rat brain (similar patterns 
have been observed for some Kv3 transcripts in mice). The levels of expression of Kv3 genes based on 
in situ hybridization studies by Weiser et al. 21 are represented in these diagrams by different grades of 
shading. The position of some of the structures, particularly in the brain stem, is only approximate, and 
structures are shown in these diagrams that may not exist in the same sagittal plane. Some important 
structures expressing one or more Kv3 genes are not illustrated, such as several areas of the basal fore- 
brain. 
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KV3.4 



FIGURE 6 (continued). Abbreviations: 7, facial nucleus; DChn, dorsal cochlear nucleus; DCn, 
deep cerebellar nuclei; GP, globus pallidus; LL, lateral lemniscus nuclei; LSO, superior olive; M5, 
trigeminal motor nucleus; MNTB, medial nucleus of the trapezoid body; Pn, pontine nuclei; R, red 
nucleus; Rt, reticular thalamic nucleus; RtTg, reticulo tegmental nucleus of the pons; VChn, ventral 
cochlear nucleus; Ve, vestibular nucleus; VP, ventral-posterior complex of the dorsal thalamus; ZI, 
zona incerta. 
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localization of Kv3.2 proteins throughout the axon and terminals of thalamocortical pro- 
jections in the cortex. Apparently there is Kv3.2 protein in thalamocortical terminals 
with both spiny stellate neurons and with GABAergic cells. 62,63 

Kv3.1 and Kv3.2 proteins are strongly expressed in a small subpopulation of cortical 
(Fig. 7) and hippocampal neurons. Double-labeling immunofluorescence was used to 
identify the neuronal populations containing these proteins. In the cortex, Kv3.1 pro- 
teins are present in parvalbumin (PV)-containing GABAergic interneurons in rat and 
mouse. In fact there is a nearly one to one correlation between the two markers: virtually 
all cells containing PV express Kv3.1 and vice versa. 62,63,66 ' 67 In the hippocampus, 
Kv3.1 is also expressed in many PV-containing interneurons but the relationship 
between the two markers is not as strict as in the neocortex. 66 " 68 Kv3.1 and parvalbumin 
are also co-localized in interneurons in the caudate nucleus. 66,69 

Kv3.2 proteins are expressed in cortical and hippocampal GABAergic interneurons as 
well. In the cortex strongly labeled cells are concentrated in deep layers (V-VI), while 
very weakly stained cells are seen in superficial layers (I-IV) (Fig. 7), in accordance with 
the intensity of in situ hybridization signals. Double-labeling shows that the weakly 
stained cells in superficial layers are positive for PV. In deep layers, about 70-80% of the 
cells expressing Kv3.2 are also positive for PV, and the remaining 20-30% are also 
GABAergic interneurons which may correspond to the calbindin- and somatostatin-con- 
taining Martinotti cells. 62,63 These data show that there are two types of PV-containing 
interneurons in the cortex with respect to their expression of Kv3 proteins. PV neurons in 
superficial layers contain mainly Kv3.1 protein, and PV neurons in deep layers contain 
both, Kv3.1 and Kv3.2. 

Since all PV neurons are positive for Kv3.1, and since all PV neurons in deep cortical 
layers, also express Kv3.2 proteins, it is possible that the two subunits are part of the same 
heteromeric channels. To test this hypothesis we used co-immunoprecipitation assays 
from cortical membranes solubilized with nondenaturing detergents (as in Refs. 71 and 
72). Antibodies against Kv3.1 immunoprecipitated both Kv3.1 and Kv3.2 proteins, and 
the antibodies against Kv3.2 also precipitated both subunits. 62,63 It is therefore likely that 
PV-containing interneurons in the cortex (particularly those in layers V-VI) have hetero- 
meric Kv3.1-Kv3.2 channels. The channels in PV neurons in superficial layers might be 
Kv3.1 homomultimers or Kv3.1-Kv3.2 heteromultimers in which Kv3.1 proteins domi- 
nate. Kv3.1 and Kv3.2 proteins are also co-localized in the globus pallidus, where they are 
present in the major population of pallidal neurons, the PV-containing projecting cells. Co- 
immunoprecipitation and functional studies also suggest that in these neurons the channels 
are heteromeric Kv3.1-Kv3.2 proteins. 25 

In the hippocampus Kv3.2 proteins are expressed in several types of interneurons, 
including most Kv3.1 containing PV-positive basket cells, as well as interneurons contain- 
ing somatostatin in the stratum oriens and in the dentate hilus which do not express Kv3.1 
(McBain and Rudy, unpublished observations). 

We have recently began to characterize the brain distribution of Kv3.3 proteins, which 
like Kv3.1 and Kv3.2 are expressed in somas and axons. The group of Olaf Pongs has 
raised antibodies against Kv3.4 proteins. In the CNS Kv3.4 expression was lower than 
several Kvl proteins analyzed in the same study, and was seen in areas consistent with the 
localization of Kv3.4 transcripts. 73,74 In most of these neurons, staining with anti-Kv3.4 
antibodies was predominantly seen in axons and terminals. 
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Kv3.1b KV3.2 




FIGURE 7. Kv3.1 and Kv3.2 proteins in neocortical interneurons. Immunoperoxidase staining of 
coronal sections of mouse somatosensory cortex for Kv3.1b and Kv3.2 proteins with specific poly- 
clonal antibodies. There is strong somatic staining for Kv3.1b in a population of neurons distributed 
in layers II- VI. In the section stained with Kv3.2 antibodies there are strong labeled neurons in deep 
cortical layers (V-VI) and faintly stained cells in upper layers. There is strong staining of the neuro- 
pil with both antibodies, most prominent in areas around labeled cells. In addition, there is distinct 
staining of processes in the cortical barrels with Kv3.2-, but not Kv3. lb-antibodies. 

Developmental Expression 

Little is known about the expression of Kv3 genes during development. Although Per- 
ney et al 59 reported detectable levels of expression of Kv3.1 mRNA transcripts in prenatal 
rats, all available studies agree that most of Kv3.1-Kv3.3 mRNA and protein expression 
develops after the first postnatal week. Perney et al. 59 found a large increase in expression 
of Kv3.1 transcripts between the 7th and 14th day after birth. By postnatal day 14, rats 
exhibited a pattern of expression in brain similar to that seen in the adult rat, although 
adult mRNA levels were somewhat higher than those at pl4. In the hippocampus, Du et 
ai 6& could not detect Kv3.1b protein until postnatal day 8. There was a large increase 
between p8 and p20, but protein levels at p40 were still higher than those at p20. Gold- 
man-Wohl et al. 13 studied the developmental expression of Kv3.3c transcripts in cerebellar 
Purkinje cells. Expression was first seen between postnatal day 8 and 10, and the levels 
increased as the cerebellum matured. Kv3.2 mRNAs in whole brain are barely detectable 
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before postnatal day 8-10 (faint transcripts are seen after long exposures), but the levels 
start increasing rapidly after this age. Interestingly, the developmental expression of the 
Kv3.2 gene appears to be regulated independently in thalamic relay neurons, where the 
majority of Kv3.2 mRNAs are found in adult animals, and outside the thalamus. While 
near adult levels outside the thalamus are achieved by postnatal day 14, in thalamic relay 
neurons Kv3.2 expression is still low at this age and increases to near adult levels during 
the third postnatal week. 75 ' 76 In the globus pallidus the levels of both Kv3.1 and Kv3.2 
proteins were not detectable earlier than postnatal days 5-6, and increased sharply after 
postnatal day 8. The expression of Kv3.1 developed faster than the expression of Kv3.2: 
Maximum levels of Kv3.1 protein were seen at pl5, while for Kv3.2, maximum levels 
were not achieved until p20. Once protein levels reached a maximum, they decreased 
slightly in older animals. 25 

The expression of Kv3.4 transcripts in skeletal muscle is also developmentally regu- 
lated. 77 Utilizing semi -quantitative RT-PCR, detectable levels of Kv3.4 mRNAs were 
found at embryonic day 17, which increased to adult levels during the first 2 weeks after 
birth. Interestingly, Kv3.4 mRNA expression is muscle fiber type-dependent, with higher 
levels found in fast muscles. Moreover, the expression levels decreased in myotonic mice 
or after denervation in wild-type animals, suggesting that excitation of the muscle cell reg- 
ulates Kv3.4 gene expression. 77 

NATIVE Kv3 CURRENTS RESEMBLE HETEROLOGOUSLY EXPRESSED Kv3 

CURRENTS 

There is now evidence from several cell types showing that at least for Kv3.1, Kv3.2, 
and Kv3.4, native channels have properties similar to those in heterologous expression 
systems. In an initial study combining immunohistochemical and electrophysiological 
analysis in slice preparations, we found that drugs that block Kv3.1 currents in heterolo- 
gous expression systems blocked a fraction of the K + current from hippocampal interneu- 
rons expressing Kv3.1b proteins that resembled Kv3.1 currents in heterologous expression 
systems. 68 Moreover, concentrations of 4-AP that block Kv3 currents shortened the dura- 
tion of the action potential of interneurons expressing Kv3.1b proteins, but not in intemeu- 
rons that did not stain with anti-Kv3.1b antibodies. However, difficulties associated with 
voltage-clamping neurons in slices limited the extent of the comparisons that could be 
made between native and heterologously expressed currents in that study. 

More recently we have been able to do a more detailed comparison of native and 
expressed Kv3 currents in freshly dissociated neurons from the globus pallidus. Acutely 
dissociated and short-term cultured neurons are an excellent system for this kind of study, 
allowing better conditions for space clamp and pharmacological analysis. Identical record- 
ing conditions to those used to study Kv3 currents in CHO cells were used to eliminate 
differences produced by components of the intracellular or extracellular solutions or other 
experimental variations. We utilized extracellular Cd 2+ and intracellular BAPTA, as well 
as tetrodotoxin (TTX) to suppress Ca 2+ , Ca 2+ - activated K + , and Na + currents. 1 mM TEA 
was used to isolate Kv3-like currents in these cells. 

As described earlier, the rat and mouse globus pallidus express both Kv3.1 and Kv3.2 
proteins in somatic membrane, probably in heteromeric channels containing both subunits, 
present in the major neuronal population in this nucleus (the PV-containing projecting 
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neurons) and at developmental stages in which dissociations were possible. 25 The GP 
plays key roles in the circuitry involved in movement control, and might also be involved 
in cognitive functions. There is therefore great interest in the anatomical and physiological 
characterization of this brain area. 78 " 80 The studies on Kv3 channels contribute novel 
information on the classification and cellular properties of pallidal neurons. 

We found three morphological subtypes of neurons as a product of the enzymatic dis- 
sociation of the GP. The most common were medium to large cells with fusiform or trian- 
gular somas resembling the major population of pallidal neurons. When these cells were 
depolarized from a holding potential of -80 mV, the total current consisted of transient and 
sustained components. The transient component (which was variable) could be nearly 
completely inactivated by holding the cell at -40 mV. This holding potential also inacti- 
vated a significant portion of the sustained component. We assumed that Kv3.1-Kv3.2 
currents contributed little to the suppressed sustained component since a VH of -40 mV 
has little effects on Kv3.1 and Kv3.2 currents expressed in CHO cells. 25 The currents 
recorded during depolarizing test pulses from a VH of -40 mV were of the delayed recti- 
fier type. They could be separated into two components, which differed in activation and 
deactivation kinetics by 1 mM TEA (Fig. 8). The TEA-resistant current activated and 
deactivated more slowly than the TEA-sensitive component. The differences in kinetics 
were particularly large for the deactivation process (x deact = 25.64 ± 3.38 ms, for I GPR and 
2.27 ± 0.24 ms for Igptea)- 

A detailed comparison of the voltage-dependence and kinetics of the TEA-sensitive 
component showed that it has properties nearly identical to those of Kv3.1 and Kv3.2 cur- 
rents in CHO cells (Fig. 8 and Table 1). In both cases the current starts activating between 
-10 and -20 mV, and the normalized conductance-voltage curves have similar slopes and 
midpoints of activation. When scaled to each other, the cloned and native currents have 
nearly superimpo sable activation and deactivation time courses when compared at the 
same voltages (Fig. 8; see also Refs. 25 and 81). 

Previous electrophysiological analysis of the K + currents of pallidal neurons, in the 
same species, revealed a low voltage-activating fast inactivating current (I A ), a component 
with slower inactivation and slow recovery from inactivation that is blocked by micromo- 
lar concentrations of 4-AP (I As ), and two maintained components, one blocked (I K ) and 
one not blocked by 10 mM TEA. 82,83 None of these components resembles Kv3 currents, 
because the Kv3 channel-mediated current was buried in the I K . These studies demonstrate 
that experimental conditions and methods to isolate individual components of the K + cur- 
rent tailored to search for specific current components are required before it is possible to 
determine whether native currents resemble those in heterologous expression systems. 

The characteristics of the currents obtained from GP neurons described earlier were 
typical of the majority of the cells studied. However, we found that in a small group of 
cells (type "B" cells), 1 mM TEA blocked a fast inactivating current. Depolarizing pulses 
from a holding potential of -40 mV produced currents of the delayed rectifier type, similar 
to those seen in the cells described earlier (type-A cells), but had faster activation kinetics 
(rise time between 10 and 90% of -14.0 ms for type "B" cells and -22 ms for type "A" 
cells). Application of 1 mM TEA inhibited approximately 10-15% of the current. The 
TEA-resistant current had slower activation kinetics than the total current (10-90% rise 
time: 22.4 ± 2.5 ms). The TEA-sensitive component obtained by digital subtraction was 
composed predominantly of a current that activated rapidly, starting at voltages more posi- 
tive than -10 mV, and inactivated quickly. The transient currents recorded from type "B" 



328 



ANNALS NEW YORK ACADEMY OF SCIENCES 



A 




FIGURE 8. Voltage-dependent K+ currents in type "A" pallidal neurons. (A-C) Currents obtained 
from a GP neuron held at -40 mV during a depolarizing pulse to +40 mV before (A) and after (B) 
application of 1 mM TEA. The trace in C shows the TEA-sensitive component obtained by digital 
subtraction of the trace in B from the trace in A. (D) Superimposition of the first 150 ms of scaled 
records obtained from CHO cells transfected with Kv3.1 or Kv3.2 cDNAs and the TEA-sensitive 
current from a type "A" pallidal neuron. Records were obtained during voltage pulses to +30 mV 
applied from a holding potential of -40 mV. (E) Superimposition of scaled traces of tail currents 
obtained from the same cells as in D during repolarization to -40 mV following a voltage step to +40 
mV. 

neurons of the GP resembled closely the currents expressed by Kv3.4 proteins in voltage- 
dependence as well as in activation and inactivation kinetics. This result was surprising 
since in situ hybridization studies reported that signals for Kv3.4 mRNAs were "weakly 
above background." 21 Since we do not have antibodies against Kv3.4 proteins we used sin- 
gle-cell RT-PCR to investigate whether type-B cells in the GP contain Kv3.4 transcripts. 
These studies showed that Kv3.2 transcripts are found in most type A and some type B 
cells, Kv3.1 is found mainly in type A cells, and Kv3.4 only in type B cells. 

As described earlier, heteromultimer formation between inactivating Kv3.4 subunits 
and Kv3.1 or Kv3.2 proteins results in amplification of the transient current. This phenom- 
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enon may account for the presence of the levels of Kv3.4-like currents seen in type "B" 
pallidal neurons in spite of the low-level expression of Kv3.4 transcripts. Nevertheless, rel- 
ative to the other outward currents, the Kv3.4-like current in these neurons contributes a 
very small proportion of the total outward current. However, the current produces a large 
effect on the rise time of the total current, since the currents remaining after 1 mM TEA 
are much slower. This could be an important role for Kv3.4 currents in neurons, to acceler- 
ate the rate of rise of the repolarizing currents, without significantly increasing the steady- 
state levels of total outward current. 

Kv3.1-like currents have also been described in central auditory -processing neurons 84 
(see below), as well as in cells expressing Kv3.1 transcripts outside the nervous system. 
Grissmer et al 51 showed that the current mediated by /-type channels in T lymphocytes 
was very similar to Kv3.1 currents in Xenopus oocytes when recordings in the two prepa- 
rations were obtained with the same solutions. 

It appears from these results that the main biophysical properties of native channels 
containing Kv3.1, Kv3.2, and Kv3.4 proteins, in both neurons and other cell types, are not 
significantly affected by factors such as associated subunits or posttranslational modifica- 
tions as might be the case for other cloned subunits, at least in the cells studied until now. 



Kv3.1 AND Kv3.2 CHANNELS PLAY UNIQUE ROLES IN THE GENERATION 
OF SUSTAINED HIGH FREQUENCY FIRING 

The unusual properties of Kv3 channels, and in particular their voltage-dependence 
and their fast rate of deactivation, are likely to provide these channels with unique effects 
on neuronal excitability. Since Kv3 channels open significantly only when the membrane 
potential is depolarized beyond -10 mV, we expect that physiologically they will be acti- 
vated mainly during action potentials. They may be activated also by receptor-mediated 
depolarizations that depolarize the membrane to potentials more positive than -10 mV, as 
might be encountered in the end bulb synapses in the ventral cochlear nucleus. 70 

It has been suggested that these channels are activated during the peak of the action 
potential and that, when present in sufficient amounts, they influence the rate of repolar- 
ization of the action potential and thus help dictate action potential duration. 15,34,66,67,69 
Indeed, when HEK293 cells expressing Kv3.1 or Kv3.2 channels are voltage-clamped to a 
waveform in the shape of a brief action potential, current is not seen until after the action 
potential has reached its peak, achieving a maximum value during the repolarizing phase 
of the spike, in contrast to what is observed when cells expressing Kvl.l are clamped to 
the same waveform (Fig. 9). These experiments also illustrate the effect of the fast deacti- 
vation of Kv3.1 and Kv3.2 channels. The K + current is quickly eliminated during the fast 
hyperpolarization and thus little Kv3.1/Kv3.2 currents remain during the interspike inter- 
val. The predominant somato-axonal localization of Kv3 proteins in CNS neurons (see 
above) is consistent with a role in the shaping and transmission of action potentials. The 
low levels of expression in fine dendrites suggests that these channels play little role in the 
local integration of postsynaptic signals at axo-dendritic synapses. 

Although K + channels that activate at more negative voltages could also repolarize 
spikes and reduce their duration, high voltage-activating K + channels would modulate fir- 
ing properties more selectively. By virtue of the fact that they are not opened until the 
spike has been generated, they are less likely to influence the initial threshold of an action 
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FIGURE 9. Currents evoked in cells expressing Kv3.1b or Kvl.l when depolarized with a fast 
action potential. HEK293 cells were transfected with Kv3.1b cDNA (upper traces) or Kvl.l cDNA 
(lower traces) and voltage- clamped to a waveform corresponding to the action potential (AP) 
recorded from a neocortical neuron. The currents, shown with continuous black lines have been 
superimposed on the command voltage trace. A perpendicular broken line has been drawn at the 
time that the current begins to rise (shown only during the first spike) to illustrate the temporal rela- 
tionship between current activation and the action potential. The Kvl.l current begins to rise early 
during the rising phase of the action potential, while the Kv3.1 current rises much later (similar 
results were obtained with Kv3.2). Note also that the Kv3.1 current is completely deactivated during 
the interspike interval, while the Kvl.l channels close slowly and are activated by the inter-spike 
depolarization. After the second spike the Kvl.l current deactivates slowly. 



potential. ' Given their fast deactivation, Kv3.1-Kv3.2 channels are also less likely to 
contribute to increase the duration of refractory periods. In neurons containing additional 
K + channels, their differential modulation by neurotransmitters and neuromodulators 
could independently regulate different aspects of the cell's electrical behavior. 

Many of the neuronal populations expressing Kv3 gene products fire trains of action 
potentials at very high rates, such as neurons in the reticular thalamic nucleus (RT) and 
fast-spiking (FS) interneurons in the neocortex and the hippocampus. 14 ' 21 ' 59 ' 66 ' 67 ' 68 It has 
been proposed that Kv3.1-Kv3.2 channels play key roles in the firing properties of these 
cells. An emphasis of recent investigations by us and others 68 ' 70 ' 84 ' 85 has been on exploring 
the role of Kv3.1-Kv3.2 channels on high-frequency firing. 
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FS cells of the cerebral cortex are GABAergic inhibitory interneurons characterized by 
brief action potentials, a large and fast after-hyperpolarization (fAHP) and the ability to 
fire at high frequency with little accommodation. Cortical GABAergic interneurons play 
multiple central roles in the processing of cortical information. They are thought to be 
important in the synchronization of cortical circuits, in the establishment and reorganiza- 
tion of cortical representation maps, in the establishment of cortical columns during devel- 
opment, in the generation of some forms of cortical rhythms, and in the pathogenesis of 
seizures. 86 " 92 

In a recent study, we examined the effects of low TEA concentrations (<1 mM) on the 
electrophysiological properties of visually identified nonpyramidal cells in mouse cortical 
slices using whole-cell patch clamp methods. 93,94 We found that TEA had dramatic, 
reversible effects on the shape of the action potential and the repetitive firing characteris- 
tics of fast- spiking (FS) neurons. TEA nearly abolished the fast-afterhyperpolarization 
(fAHP), increased the spike duration, and decreased the maximum rate of spike repolar- 
ization (Fig. 10A; Table 3). Moreover, for a given current strength, TEA also produced a 
reduction in the steady firing rate (Fig. 10B). This effect of TEA was manifest over a large 
range of injected currents and reduced the maximum steady firing rate that could be 
achieved by direct-current injection into FS neurons (Table 3). 

As described in the subsection in this paper entitled Pharmacological Properties (see 
also Coetzee et al. in this volume) at the concentrations of TEA used in the studies by Eri- 
sir et al, the only known voltage-gated K + channels that are significantly blocked by this 
drug are, in addition to Kv3.1-Kv3.4 channels, those containing the K + channel proteins 
Kvl.l and KCNQ2 as well as the BK (also called maxi-K) Ca 2+ -activated K + channels 
containing proteins of the slo family. To test the possible involvement of these channels in 
the TEA-effect on FS neurons, Erisir et al. applied toxins specific for Kvl and BK chan- 
nels. 100 nM Dendrotoxin, which selectively blocks Kvl.l and other Kvl channels (see 
Coetzee et al. in this volume and Ref. 45), had few measurable effects on the shape of 
individual action potentials. However, and in contrast to the effects of TEA, it produced a 
significant increase in the maximum firing frequency achieved with current injection into 
FS neurons. Application of Charybdotoxin (100 nM) or Iberiotoxin (50 nM), which block 
Ca 2+ - activated BK channels, produced minimal effects on spike shape or firing fre- 
quency. 93,94 The recently discovered KCNQ2 subunits express very slowly activating and 
deactivating (time constants of hundreds of milliseconds to seconds) voltage-gated K + 
channels that are unlikely to be activated during short action potentials and have not been 
shown to be expressed in cortical interneurons 95 (see also Coetzee et al. in this volume). 

These results support the hypothesis that Kv3.1-Kv3.2 potassium channels are impor- 
tant for the elaboration of fast-spiking properties in cortical interneurons. Moreover, the 
fact that blockade of Kvl channels had the opposite effect of low TEA concentrations sup- 
ports the notion that the high voltage activation and rapid deactivation kinetics of Kv3.1- 
Kv3.2 channels are necessary for sustained high-frequency firing. This idea was further 
supported by results from voltage-clamp analysis of voltage-dependent K + currents 
recorded from macropatches excised from somata of FS cells. These currents showed two 
main components, the larger of which (>75% of the total) was blocked by 1 mM TEA. 
This component had a voltage-dependence and activation and deactivation kinetics that 
were similar to those of Kv3.1 and Kv3.2 currents in heterologous expression systems and 
the Kv3.1-Kv3.2-like current isolated from pallidal neurons described above. Thus, the 
native TEA-sensitive channels which were necessary for sustained high-frequency firing 
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FIGURE 10. Low concentrations of TEA impair spike repolarization and slow high-frequency firing 
of fast-spiking (FS) layer II/III neocortical interneurons. (A) 1 mM TEA caused spike broadening by 
reducing the maximum rate of spike repolarization and suppressed the fast-AHP of single action 
potentials evoked by near- threshold depolarizations. (B) left panel shows repetitive firing of the 
same FS neuron in response to 350-pA (bottom) and 650pA currents under control conditions. Right 
panel shows the responses to identical currents in the presence of 1 mM TEA. TEA reduced the 
steady firing rate from 35 to 29 spikes/s and from 75 to 33 spikes/s for the 350- and 650pA currents, 
respectively. 



in FS cells had similar properties to Kv3.1-Kv3.2 channels in heterologous expression 
systems. 

Kv3 transcripts are also abundantly expressed in other sensory neurons in the brain, 
including in neurons of most of the midbrain and hindbrain auditory nuclei. 14 ' 21 ' 59 ' 66,70 
There is co-expression of Kv3.1 and Kv3.3 in many of these nuclei, including the ventral 
cochlear nucleus (VCN), the medial nucleus of the trapezoid body (MNTB), the lateral 
lemniscus nuclei and the inferior colliculus. 21 It remains to be shown whether the protein 
products are co-localized in the same neurons and whether they can be co -precipitated. 
There are also Kv3.2 mRNAs and proteins in the inferior colliculus (Ref. 21 and unpub- 
lished observations), but it has not yet been shown that Kv3.1 and Kv3.2 proteins are in 
the same neuronal populations or that they are present in the same channel complex. In 
other auditory nuclei there is actually a reciprocal expression between Kv3.1-Kv3.3 and 
Kv3.2 transcripts, as is seen in the thalamus. Kv3.2 is more abundantly expressed in the 
dorsal cochlear nucleus, while Kv3.1 and Kv3.3 are more abundant in the ventral nuclei. 
Similarly Kv3.2 mRNA transcripts and proteins are more abundant in the ventral lateral 
lemniscus nuclei and Kv3.1 and Kv3.3 in the dorsal nuclei. 

These auditory neurons do not respond with high-frequency trains of action poten- 
tials when depolarized by steady current injection. However, many of these cells, includ- 
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TABLE 3. Effects of 1 mM TEA on the Firing Properties of Fast-Spiking Neocortical Interneurons 



FS Neurons FS Neuron + 1 mm TEA 



Spike duration (ms) 
(width at half-amplitude) 


0.64 


1.16 


Maximal repolarization rate 
(mV/ms) 


148.7 


62.8 


Fast after-potential (mV) 
(relative to threshold) 


-12.5 


0.8 


Maximal firing frequency (Hz) 


104.6 


65.6 



ing many of those expressing Kv3 products, are capable of entraining at very high 
frequencies when stimulated with high-frequency inputs (>600 Hz). The ability to fol- 
low high-frequency stimulation allows these neurons to preserve the timing information 
contained in auditory signals. The temporal precision of auditory signals is important 
for the faithful transmission and localization of sound. 84,96,97 Len Kaczmarek and co- 
workers have been studying the role of Kv3 channels in central auditory neurons. In the 
MNTB, application of low concentrations of TEA did not alter the ability of the cells to 
follow stimulation up to 200 Hz, but reduced their ability to follow higher frequency 
stimuli. 84 

Together, the pharmacological studies provide very strong circumstantial evidence for 
a role of Kv3.1-Kv3.2 channels in sustained high-frequency firing, but, of course, we can- 
not exclude the possibility that there are unknown K + channels that are also blocked by 
low TEA concentrations. However, the observations with different K + channel blockers 
and with modeling studies indicate that the relatively positive activation range and the 
deactivation rates of Kv3.1 and Kv3.2 channels are important for these apparent roles. 93,94 

How do the special properties Kv3.1 and Kv3.2 channels facilitate high-frequency fir- 
ing? In trains of Na + spikes, the inter-spike interval is established in part by the amount of 
Na + channel inactivation that accumulates during the train. By increasing the rate of spike 
repolarization and by keeping action potentials short, Kv3.1-Kv3.2 currents would reduce 
the amount of Na + channel inactivation that occurs during the action potential. Moreover, 
the large, fast after-hyperpolarization produced by the Kv3.1-Kv3.2 current would func- 
tion to speed up recovery from Na + -channel inactivation and thus increase the amount of 
recovery that occurred following a spike. Indeed, examination of the effects of low TEA 
concentration on cortical interneurons revealed that 1 mM TEA produced a significant 
reduction in the maximum rate of rise of the second, but not the first, spike in a train. This 
suggested that there was significantly greater Na + -channel inactivation at the onset of the 
second spike in the presence of TEA. This interpretation of the TEA results was strongly 
supported by results from computer simulations of a fast-spiking neuron. 94 In that model, 
blocking 95% of the Kv3.1-Kv3.2-like channels resulted in spike-broadening, a reduction 
in the after-hyperpolarization and a slowing of the frequency of repetitive firing for a given 
current injection as observed experimentally. Accompanying this slowdown in firing was a 
decrease in both the amount of recovery and speed of recovery from Na + -channel inactiva- 
tion. Thus, one function of the Kv3.1-Kv3.2 current is to reduce the impact of Na + -chan- 
nel inactivation on repetitive firing. 
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Another unique feature of Kv3.1-Kv3.2 currents is their rapid rates of deactivation. 
The importance of this for high-frequency firing was also apparent from the simulations. 
The large AHP produced by activation of Kv3.1-Kv3.2-channels also serves to rapidly 
terminate the Kv3.1-Kv3.2 current, which, because of its rapid deactivation rates, does 
not contribute increases in the duration of the refractory period. The situation is com- 
pletely different for K + channels with slower deactivation kinetics. For example, a Kvl.3- 
like current deactivates slowly enough that its conductance decays relatively little during 
the interspike interval and therefore, it contributes to delaying the onset of the next spike. 
Hence, blocking such a current in the model produced an increase in spike frequency for a 
given current injection. These modeling studies strongly suggest that the particular activa- 
tion range and fast deactivation kinetics of Kv3.1-Kv3.2 channels function specifically to 
enable sustained high-frequency firing. 

The presence of Kv3.1-Kv3.2 channels alone is not sufficient for the generation of sus- 
tained high-frequency firing. The firing properties of the cell depend on the interplay 
between passive electrical properties of the cell and the various ionic conductances that are 
active when the cell is stimulated. Pallidal and brainstem auditory neurons may be a case 
in point. Two main types of neurons from the point of view of their intrinsic electrophysi- 
ological properties have been described in pallidal neurons recorded in guinea pig brain 
slices. Type I neurons were not spontaneously active and fired spike bursts with strong 
accommodation upon depolarization. Type II cells fired spontaneously at the resting level 
(~-60 mV) and displayed fast repetitive firing (ss200 Hz) with some accommodation 
when depolarized. 99,100 Type II cells resemble the "repetitively firing cells" recorded in an 
in vivo intracellular study in rats by Kita and Kitai, 101 while type I neurons resemble the 
periodic burst firing cells in this study. The majority of the cells in the rat study (73%) 
were of the repetitive firing type and most likely correspond to the neurons we classified 
as type "A" in the study described earlier. 

The firing frequency of the repetitive firing cells in the globus pallidus is not as high or 
sustained as that of fast-spiking cortical neurons. The analysis made by Erisir et al 93 ' 94 of 
the currents in the latter cells suggests that they have a higher proportion of Kv3.1-Kv3.2- 
like currents and less Ca 2+ -activated K + currents than do pallidal neurons. These differ- 
ences in channel composition may explain the differences in firing frequency adaptation of 
the two cell types. Moreover, owing to the presence of a large component of inactivating 
current in PV+ pallidal neurons (see above), changes in the resting potential of the cell will 
change the contribution of Kv3.1-Kv3.2 channels to the total current. This may, in turn, 
change the maximum firing frequencies of these neurons. 

The central auditory neurons described earlier can follow spikes at very high frequen- 
cies, but they respond with one or few spikes to steady depolarizations, unlike fast-spiking 
cortical interneurons. These different firing properties of the two cell types, both of which 
express abundant Kv3.1-Kv3.2 channels, could be explained by the different levels of 
low- voltage- activating dendro toxin- sensitive K + channels. 84 

Kv3 CHANNELS IN AXONS AND TERMINALS 

Kv3 proteins are prominently expressed in nonmyelinated axons and in presynaptic 
terminals in the CNS (see above); however not much is known about their function in 
these neuronal compartments. For that matter, little is known about the role of any specific 
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K + channels in axons and terminals in the CNS. This is not surprising, since until recently 
it was very difficult to study axonal and presynaptic function in central neurons. Neverthe- 
less, there is clearly a large diversity of K + channels in axons and terminals (see Coetzee et 
al. in this volume), and we can expect a richness of functions as that seen in the generation 
of firing properties in the somatic compartment. It is also becoming clear that, as in the 
soma, several types of K + channels may coexist in the same terminal and/or in axons. Any 
mechanism affecting Ca 2+ entry into the presynaptic terminal is likely to have strong 
effects on neurotransmitter release. K + channels are likely to modulate in complex and 
subtle ways the invasion, magnitude, and shape, and temporal relationships of action 
potentials of presynaptic terminals, which in turn will regulate the magnitude and kinetics 
of Ca 2+ entry. Because of our ignorance of necessary details on action potential propaga- 
tion and synaptic transmission in central neurons it is more difficult to generate predictable 
hypotheses about the role of specific channels. Therefore the investigation of these roles 
becomes more urgent. 

Nevertheless, that presynaptic K + channels affect Ca 2+ entry and/or neurotransmitter 
release is well established (in the CNS as well), and two K + channel blockers, 4-AP and 
DTX, are well known to increase transmitter release in several CNS synapses. 46,102 " 112 

We can expect that with the development of methods to study axonal and synaptic 
function in the CNS and of tools to specifically control the activity of specific K + chan- 
nels, our knowledge of this area will grow enormously. A very recent study, taking advan- 
tage of the ability to record simultaneously from two connected cells, showing that an A- 
type K + channel, probably Kvl.4, could gate action potential propagation in hippocampal 
axons, illustrates this point. 113 

We expect that, as in the soma, Kv3 channels and their modulation will play special 
roles in axons and presynaptic terminals. These roles might be related to the ability of Kv3 
channels to keep action potentials short and facilitate recovery of processes that accumu- 
late during repetitive action potentials and can limit the frequency of action potential trans- 
mission. By minimizing these changes, Kv3 channels could facilitate the reliable 
transmission of impulses at high frequency. In synapses, by increasing action potential 
repolarization and helping to generate large fast AHPs without increasing the duration of 
the refractory period, Kv3 channels could help increase the temporal resolving abilities of 
the terminal. The presence of Kv3 channels together with other K + channels in terminals 
could allow the cell to regulate independently the amount of transmitter release per spike 
and the frequency of release. 34,66,70 Wang and Kaczmarek 98 recently showed that high-fre- 
quency firing speeds up the recovery of synaptic depression in auditory neurons by help- 
ing replenish the pool of releasable vesicles. Kv3 channels may thus also modulate the 
rates of recovery of terminals that undergo synaptic depression. The availability of phar- 
macological tools and mouse models (see below) to study Kv3 channels will be particu- 
larly useful to investigate the roles of these channels in axonal conduction and synaptic 
transmission. 

FUNCTIONAL ROLES OF ALTERNATIVE SPLICING 

The significance of the alternative splicing of Kv3 genes has remained unknown 
until recently. None of the alternatively spliced transcripts yet tested in heterologous 
expression systems (Kv3.1a; ! Kv3.1b; 5 Kv3.2a; 2 Kv3.2b; 35 Kv3.2d, Moreno and Rudy, 
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unpublished observations; Kv3.3a; 9 Kv3.3b, Vega-Saenz de Miera, unpublished obser- 
vations; Kv3.4a; 4 and Kv3.4b 3 ) expresses currents noticeably different from those of 
any other transcript from the same gene. However, a more in-depth analysis of the chan- 
nels expressed by these transcripts that may reveal overlooked subtle differences is yet 
to be done. Since alternatively spliced C-termini have different putative-phosphorylation 
sequences (see Table 4 in Ref. 15), it was suggested that distinct alternatively spliced 
isoforms may respond differently to various second-messenger systems. Alternative 
splicing may thus allow for isoform-specific differences in the modulation of channel 
function by neurotransmitters and neuropeptides. We have also suggested that the diver- 
gent carboxy termini could be used in protein-protein interactions, conferring isoform- 
specific channel localization or mobility. 

Evidence in support of these proposals is now becoming available. In a study compar- 
ing the modulation of Kv3.2a and Kv3.2b channels expressed in HEK-293T cells by PKA 
and PKC, we found that while both currents are similarly suppressed by PKA, only 
Kv3.2b channels are affected by phorbol esters activating PKC 35 (see Table 1). The simi- 
larity of the effects of PKA are consistent with the conclusion, mentioned earlier, that the 
effects of this kinase are due to phosphorylation at the single PKA consensus site, which is 
present in the Kv3.2 C-terminal sequence prior to the site of divergence of alternatively 
spliced isoforms. Several putative PKC phosphorylation sites are present in the Kv3.2b 
alternatively spliced C-terminus which are lacking in the Kv3.2a C-terminus. Phosphory- 
lation of one or more of these sites may mediate the isoform-specific modulation by this 
kinase. 

Data supporting the view that the alternatively spliced C-termini may participate in tar- 
geting Kv3 channels to different compartments of the neuronal membrane is also forth- 
coming. In a study in monolayers of polarized epithelial MDCK cells, Ponce et al. 114 
showed that in Kv3.2a-transfected cells the Kv3.2 channels are expressed mainly in the 
basolateral membrane, while Kv3.2b is expressed mainly in the apical membrane. Interest- 
ingly a sequence analysis of the alternatively spliced C-termini of all four Kv3 genes 
showed that the sequences fall into two groups: those that resemble the C-terminus of 
Kv3.2a and those that resemble the C-terminus of Kv3.2b. 114 

More recently, we have been able to raise antibodies that distinguish the two Kv3.1 iso- 
forms, and have begun a study of the cellular and subcellular distribution of the two pro- 
teins in CNS neurons. The results strongly support the notion that the divergent C-termini 
play a role in targeting the channels to distinct neuronal compartments. While Kv3.1b is 
expressed strongly in somatic, axonal, and terminal membranes (see above), Kv3.1a is 
expressed mainly in axons and terminals, including in many neuronal populations express- 
ing Kv3.1b somatically, as in basket cells in the hippocampus. 64,65 We hypothesize that the 
Kv3.1a C-terminus (which resembles the C-terminus of Kv3.2b) contains signals for 
transport to axons and terminals, and that the Kv3.1b protein is carried to these compart- 
ments by forming heteromeric channels with Kv3.1a and other Kv3 proteins having the 
proper signals. 64,65 

CONCLUSIONS AND PERSPECTIVES 

This chapter summarizes the results of a six-year effort by ourselves and others to dis- 
cover the physiological roles of Kv3 proteins. Studies in heterologous expression systems, 
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including Xenopus oocytes and transfected mammalian cell lines, showed that these pro- 
teins form homomultimeric and heteromultimeric delayed-rectifier and A-type voltage- 
gated K + channels mediating currents with several unusual properties. All Kv3 currents 
studied thus far have, compared to other voltage-dependent K + currents, a relatively posi- 
tive activation voltage. Significant Kv3 currents are not seen until the membrane is depo- 
larized beyond -10 mV. 

Studies on the localization of Kv3 mRNA transcripts and proteins have been key to 
select neurons and other cells where the properties of native channels containing Kv3 pro- 
teins could be analyzed, and to generate hypotheses as to their physiological roles. In the 
cells studied so far, Kv3.1, Kv3.2, and Kv3.4 channels mediate currents which resembled 
those in heterologous expression systems. Native Kv3.3 channels have not been pursued 
yet. 

Kv3.1 and Kv3.2 proteins are expressed in somatic and/or axonal-terminal mem- 
branes of selected neuronal populations in the CNS. These include many GABAergic 
neurons that are capable of firing action potentials at very high frequencies. Kv3.1 and/ 
or Kv3.2 channels may play interesting roles in several central midbrain and brain stem 
sensory processing systems, and in the thalamocortical circuit. In some neurons, Kv3.1 
and Kv3.2 proteins may be part of the same heteromeric channels. A careful utilization 
of the limited pharmacological tools available to differentiate Kv3 currents from other 
K + currents, and in particular the use of low concentrations of the K + channel blocker 
TEA (<1 mM), in electrophysiological recordings from cortical fast-spiking interneu- 
rons, support the suggestion that Kv3.1-Kv3.2 channels play unique roles in maintain- 
ing sustained high-frequency firing. These roles may critically depend on two of the 
unusual properties of the currents mediated by these channels: (1) Their voltage-depen- 
dence and (2) their fast closing rate upon membrane repolarization. The role of Kv3.1- 
Kv3.2 channels in fast-spiking neurons might not be easily replaceable by other K + 
channels. 

In our laboratory 115,116 and others' 117,118 mouse lines with disrupted Kv3 genes have 
been generated, utilizing homologous recombination in embryonic stem cells. Mice that 
do not produce Kv3.1, Kv3.2, and/or Kv3.3 proteins are now available. Mice lacking 
Kv3.1 proteins have several behavioral deficits. 117,119 Kv3.2 knockout mice are very 
interesting: they have abnormal sleep cycles, epileptic seizures, and abnormal EEG pat- 
terns. These defects could well be associated with disruption of thalamocortical circuits 
and/or cortical inhibition, systems in which Kv3.2 proteins are so prominent. Bearing in 
mind all the precautions necessary to interpret results from this experimental paradigm 
(see the Introduction to this volume), we believe that these mice are likely to become 
important tools, in conjunction with the other experimental tools described in this chap- 
ter, to deepen our understanding of the physiological roles of Kv3 channels. In particu- 
lar, if there have not been compensatory changes, and if the primary result of the genetic 
disruption has not initiated a cascade of secondary changes (as appears to be the case so 
far, and is probably minimized by the late appearance of these channels during develop- 
ment), the mice will allow us to confirm the roles of Kv3.1 and Kv3.2 channels on fast 
spiking and will be particularly helpful to analyze roles of Kv3 channels in signal trans- 
mission through axons and terminals. Moreover, these mice might be important experi- 
mental models to investigate the roles of the signaling patterns of the affected neuronal 
systems on brain function. 
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Neurons with the capacity to discharge at high rates— 'fast-spiking' (FS) neurons—are critical partici- 
pants in central motor and sensory circuits. St is widely accepted that K + channels with Kv3,1 or 
Kv3.2 subunits underlie fast, deiayed-rectifier (DR) currents that endow neurons with this FS ability. 
Expression of these subunits in heterologous systems, however, yields channels that open at more 
depolarized potentials than do native Kv3 family channels, suggesting that they differ. One possibil- 
ity Is that native channels incorporate a subunit that modifies gating, Molecular, electrophysiological 
and pharmacological studies reported here suggest that a splice variant of the Kv3.4 subunit 
coassembles with Kv3.1 subunits in rat brain FS neurons. CoassembSy enhances the spike 
repolarizing efficiency of the channels, thereby reducing spike duration and enabling higher repeti- 
tive spike rates. These results suggest that manipulation of K3.4 subunit expression could be a useful 
means of controlling the dynamic range of FS neurons. 



Since the time of Hodgkin and Huxley, deiayed-rectifier (DR) cur- 
rents h ave bee n known to be primary determinants of spike repo- 
larization in neurons 1 * 2 . Recently, it has become clear thai these 
currents are heterogeneous with properties tailored to the signal- 
ing and computational needs of particular neuronal classes. One 
group of neurons that has drawn a great deal of attention in this 
regard is the 1 fast- spiking' (FS) class. These neurons can discharge 
at high rates for long periods with little spike frequency adapta- 
tion or a ttenuation in spike height This property of FS neurons is 
attributable in large measure to their expression of fast DR chan- 
nels — channels that activate and deactivate very quickly 3 . 

At present, only Kv3- family potassium channels produce cur- 
rents similar to those seen in neurons that spike at high rates 3,4 . 
There are four members of this family; two of them, Kv3.1 and 
Kv3.2, produce currents in heterologous expression systems resem- 
bling neuronal fast DR currents. Both channels activate only at 
depolarized membrane potentials arid have rapid activation and 
deactivation kinetics. Both are very sensitive to tetraelhylammo- 
nium (TEA) and 4-aminopyri dine, as are fast DR currents in neu- 
rons 5 ' 6 . The discovery that Kv3.1 and/or Kv3.2 genes are expressed 
in FS neurons prompted early suggestions that Kv3 channels are 
responsible for fast DR currents 7 9 . Subsequent studies, ranging 
from modeling to electrophysiological analysis of knockout ani- 
mals, unambiguously support the conclusion that FS neurons 
depend on K 4 " channels containing Kv3.1 or Kv3.2 subunits. 

However, there is a major problem with this story, In FS neu- 
rons, the fast DR currents begin to activate near -30 mV with half- 
activation voltages between -18 and -7 mV i0 > n . In heterologous 



expression systems, Kv3. 1/3.2 channel activation voltage dependence 
is much more depolarized with half activation voltages well above 
0 mV 12 . This is a critical difference. With the voltage dependence 
and activation kinetics seen in heterologous systems, only a small 
fraction of Kv3.1/2 channels will open during a spike, making them 
very inefficient mediators of fast repolarization. Theoretical studies 
suggest there are two ways to deal with the problem. One strategy 
is to increase Kv3 current density to levels not seen in neurons 13 . 
The other strategy is to shift the voltage dependence of the Kv3 cur- 
rent toward more negative potentials, increasing the efficiency of the 
channels in spike repolarization, as seen in neurons 3 . 

If Kv3 channels are responsible for DR currents in FS neurons, 
then how can the differences in gating between native and heterol - 
ogous channels be explained? One possibility is that native chan- 
nels are heteromeric and contain subunits not found in 
heterologous systems. Four members of the Kv3 class -Kv3.1, 3.2, 
3.3 and 3.4— -are known to co assemble. The experiments reported 
here argue that the incorporation of a splice variant of the Kv3.4 
subunit transforms Kv3.1 channels, giving them gating properties 
very similar to those found in FS neurons. Furthermore, molecular, 
biochemical and pharmacological data suggest that this splice vari- 
ant coassembles with Kv3.1 subunits in FS neurons, increasing their 
efficiency in promoting spike repolarization and repetitive firing. 

Results 

Kv3.1 homomeric channels differ from FS channels 

We studied three types of neuron, identified by single-cell RT-PCR 
(scRT-PCR), in which Kv3 channel currents are thought to be key 
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Fig. !. In contrast to currents in FS neurons, Kv3.ib channel currents 
are inefficiently activated by spike waveforms, (a) Fast DR currents in a 
GP neuron evoked by voltage steps (left) or a spike waveform (right). 
Currents shown were obtained from control currents by subtracting 
the currents not blocked by 1 50 uM TEA. (b) Currents in HEK293 cells 
transfected with Kv3.lb cDNA. Currents were leak subtracted, 
(c) Activation voltage dependence of the currents obtained in trans- 
fected HEK293 ceils (open circles, n = S) and of the TEA-sensitive cur- 
rent in neurons (filled circles, GP and hippocampal intemeurons, pooled 
data, n - 8). Data were fit with first-order Boltzmann function; fitted 
parameters for Kv3.ib currents were: V h - 7 mV, V' c ~ 7.5 mV; for neu- 
rons the parameters were: V h = —15 mV, V c - 6.3 mV. (d) Time constants 
of activation and deactivation plotted as a function of voltage. Data were 
fit with a two-state Markov mode!. 



regulators of repetitive activity: (i) parvalbumin-expressing, 
GABAergic, globus pallidus (GP) neurons, (ii) parvalbumin- 
expressing, GABAergic CA1 hippocampal intemeurons and (iii) 
glutamatergic subthalamic nucleus (STN) neurons 10,11,14 . All 
three types of neuron are capable of sustained high-frequency 
(MOO Hz) discharge without significant accommodation and 
will be referred to as fast- spiking (FS). A key feature of Kv3 chan- 
nel currents in these neurons is their activation during the 
upstroke of the spike, leading to rapid repolarization of the mem- 
brane potential and brief spikes. The ability to be activated effi- 
ciently during the upstroke of the spike depends on the voltage 



at which channels begins to open and the rate at which they enter 
the open state. In FS neurons, TEA-sensitive Kv3 channels begin 
to activate just above spike threshold (around - 30 rnV) (Fig. la 
(left) and c). A spike waveform obtained from an FS neuron at 
the same temperature does an excellent job of activating these 
channels and evoking current (Fig. la, right). To quantify the rel- 
ative repolarizing efficiency of native channels, the amplitude of 
the current evoked by the spike waveform was divided by the 
amplitude of the current evoked by a long step to the voltage 
reached by the peak of the action potential (+30 mV). On aver- 
age, the repolarizing efficiency of fast, Kv3 DR channels in FS 
neurons was 0.42 ± 0.03 (n --■ 6). 

in contrast, hornomeric Kv3.1b channels expressed in HEK293 
ceils yielded K -1 " currents that activated at relatively depolarized 
membrane potentials ( Fig, lb). The same action potential wave- 
form evoked little Kv3.1b current (Fig. lb, right). On average, 
thee ffi c ie n cy o f Kv 3 ,1b c u r re n t was 0.09 ±0.02 (n = 4 j — 
one- fourth that of Kv3 channel currents in FS neurons, 

There were two obvious reasons for the greater efficiency of 
the neuronal channels. First, as mentioned, the Kv3 channels in FS 
neurons activated at significantly more negative membrane 
potentials than did hornomeric Kv3.1b channels. The steady-state 
half- activation voltage of Kv3 channels in FS neurons was around 
-15 mV, whereas it was near +7 mV for Kv3.Ib channels — a 
22- mV difference (Fig. lc). Second, the negative shift in the volt- 
age dependence of activation was paralleled by a shift in activation 
kinetics. At depolarized membrane potentials, the relationship 
between membrane voltage and activation time constant in FS 
neurons was shifted by about the same amount (18 mV) as the 
steady- state activation curves (Fig. id). This led to a significant 
acceleration in the opening of neuronal Kv3 channel s during the 
upstroke of the spike (between -20 and 30 mV). 

FS neurons coexpress Kv3.1 and Kv3.4a subunits 

In agreement with in situ hybridization work 8 , scRT-PCR stud- 
ies by our group had shown that GABAergic GP neurons 
expressed Kv3.1 mRNA and TEA-sensitive, fast DR channels 11 . 
As a first step toward understanding the origin of the biophysi- 
cal difference between these channels and Kv3.1 hornomeric 
channels, scRT-PCR profiling of these neurons was expanded to 
include the other members of the Kv3 family: Kv3.3 and Kv3.4. 
Kv3.3 mRNA was rarely detected in GP neurons. But, as shown 
for the cell in Fig. 2a, GAB Anergic GP neurons consistently 
expressed both Kv3.1 and Kv3.4 mRNAs. Kv3.4 mRNA was 
detected in 96% (45/47) of our GP sample. In fact, GP neurons 
coexpressed two of the three known Kv3.4 splice variants, These 
splice variants appeared as a small (V variant, 460 bp) and a 
large (V variant, 522 bp) amplicon in the scRT-PCR profiles 
(Fig. 2a), Sequencing verified their identity. Both Kv3.4 mRNAs 
were relatively abundant in these neurons and could be reliably 
detected with as little as 1 0% of the total cellular cDNA. To deter- 
mine if this expression pattern was peculi ar to GP FS neurons, 
other cell types were profiled (Fig. 2b). To our surprise, Kv3.4 
mRNA was reliably detected in all the FS neurons examined; 
STN neurons (100%, 13/13), hippocampal parvalbumin 
GABAxrgic intemeurons (100%, 8/8) and inferior collicular neu- 
rons (100%, 7/7) all expressed Kv3.4 mRNA.. Moreover, in all of 
these cell types, Kv3.4 was abundant with detection requiring as 
little as 10% of the total celiuiar cDNA, In contrast, Kv3.4 mRNA 
was not detected in neurons that did not show FS behavior. 
scRT-PCR profiling of striatal cholinergic intemeurons (« =~ 27), 
of striatal medium spiny neurons ( n ■-- 8), of basal forebrain 
cholinergic neurons (n = 37) and of pyramidal neurons (from 
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Fig. 2* FS neurons coexpress Kv3.i and Kv3.4a mRNA and these sub- 
units coassemble. (a) A representative ge! from a parvaibumin-posltive 
GP neuron that had detectable levels of GAD67, parvalbumln, and 
Kv3.4a and Kv3.4c mRNAs. Two Kv3.4 splice variants (Kv3.4a and 
Kv3.4c) are represented by two bands in the gel. The upper band of 
522 base pairs corresponds to Kv3.4a and the lower band of 460 base 
pairs correspond to Kv3,4c, The identity of PCR products was verified 
by sequencing, (b) Bar graph summarizing the detection of Kv3.4 mRNA 
in various neuronal populations. GP, globus paiiidus; STN, subthalamic 
nucleus; Hip, hippocampus; ACh, cholinergic; MS, medium spiny, 
(c) Detection of Kv3.ib protein in anti-Kv3.4 immunoprecipitates of 
detergent iysate of adult rat brain membranes (left panel). Membranes 
(0.2 mg) were precipitated with Kv3.4 antibody (left lane), Kv3.4 anti- 
body pre-incubated with immunogenic Kv3.4 peptide (second lane), in 
the absence of any antibody (third lane) and with Kv3.l antibody (right 
iane). Resulting blot was probed with Kv3.ib antibodies, (d) The blot 
was stripped and rep robed with Kv3.4 antibody, (e) Detection of 
Kv3.l b protein in anti-Kv3.4 immunoprecipitates of membrane extracts 
from HEK293 cells transfected with Kv3.lb and Kv3.4a cDNAs. 
Membranes were precipitated with Kv3.4 antibody (left Sane), Kv3.4 
antibody pre-incubated with Immunogenic Kv3.4 peptide (second lane), 
In the absence of any antibody (third lane) and with Kv3.i antibody 
(right iane). Resulting blot was probed with Kv3.!b antibodies, 
(f) Detection of Kv3.4 protein In anti-Kv3.lb immunoprecipitates of 
membrane extracts from HEK293 ceils transfected with Kv3.lb and 
Kv3.4a cDNAs. Membranes were precipitated with Kv3.lb antibody 
(left lane), Kv3.lb antibody pre-incubated with immunogenic peptide 
(second lane), in the absence of any antibody (third lane) and with Kv3,4 
antibody (right lane). Resulting blot was probed with Kv3.4 antibodies. 



hippocampus; n ----- 10) did not detect Kv3.4 mRNA, even with 
up to 50% of the total cellular cDNA as a template. 

The coexpression of Kv3.4 and Kv3.1 mRNAs in FS neurons 
raises the possibility that they form heteromers, resulting in chan - 
nels with altered properties. To determine whether these subunits 
coassembled, we attempted to immunoprecipitate Kv3.1 protein 
with an antibody to the Kv3.4 sub unit. Kv3.1b protein was detect- 
ed in brain membranes precipitated with Kv3.4 antibody (Fig. 2c, 
left lane) but was absent when Kv3.4 antibody was pretreated with 
Kv3.4 peptide or if the antibody was omitted (Fig. 2c, middle 
lanes). Kv3.1b protein was not detected in brain membranes pre- 
cipitated with Kv4.2 antibody (data not shown). Stripping and 
re- probing the same western blot with Kv3.4 antibody confirmed 
the association of Kv3.1b and Kv3.4 protein in a significant fraction 
of channels, as Kv3.1b precipitates were labeled by Kv3.4 antibody 
(Fig. 2d, right lane). Kv3.4 and Kv3.1 subunits also coassembled 
when expressed in HEK293 cells, Membrane protein precipitat- 
ed with Kv3.4 antibodies from HEK293 cells co- transfected with 
Kv3.1b and Kv3.4a cDNA was recognized by the Kv3.1 probe 
(Fig. 2e). Conversely, Kv3.1 precipitates from these co -transfected 
cells were recognized by the Kv3.4 antibody (Fig. 2f). The anti - 
bodies did not cross- react, as transfection of HEK293 with a sin- 
gle subunit resulted in protein that was only recognized by the 
appropriate antibody (data not shown). Taken together, these 
results show that FS neurons coexpress Kv3.1 and Kv3.4 mRNA, 
and that: these channel subunits coassemble. 

Kv3=4a shifts the voltage dependence of Kv3 channels 

If the key features of Kv3 channels in FS neurons depend solely 
upon coassembly of Kv3.4 and Kv3.1 subunits, then expression 
of just these subunits in a heterologous system should yield K + 
currents like those found in FS neurons, To test this hypothesis, 
Kv3.1 and Kv3.4 subunits were cloned and expressed in HEK293 
cells. Expression of Kv3.4a subunits in HEK293 ceils yielded cur- 
rents that were activated rapidly and then inactivated (Fig. 3a), 
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as described previously for Kv3.4 channels 3,15 ' 16 . At 10 mV, the 
Kv3.4a currents decayed mono- exponentially with a time con- 
stant of 20 ± 5 ms (n ----- 4). However, unlike previous descriptions, 
Kv3.4a channels activated at relatively hyperpoiarized membrane 
potentials, having a steady- state half- activation voltage (-15 mV) 
near that found for Kv3 currents in FS neurons (Fig. 3b). This 
relatively hyperpoiarized activation voltage dependence was 
isoform- specific, as the activation profile of Kv3.4c channels 
resembled that previously found for Kv3.4b channels (data not 
shown) 3 . Homomeric Kv3.4a channels also had faster activation 
kinetics than did Kv3 channels in. FS neurons (Fig. 3a). 

Coexpression of Kv3.4a and Kv3.1b cDNA in HEK293 cells 
produced K + currents with properties resembling those of Kv3 
channels in FS neurons. The K + currents in co- transfected 
HEK293 cells activated rapidly at relatively negative membrane 
potentials and were efficiently activated by a spike waveform 
(Fig. 4a). These currents also were blocked at microirtolar con- 
centrations of TEA, as are Kv3 channel currents in neurons (data 
not shown). Importantly, as predicted by the co-immuno precipi- 
tation data, the biophysical features of currents in co- transfected 
cells could not be attributed to a sum of homomeric Kv3.1b and 
Kv3.4a channel currents. With strong depolarization, currents 
activated rapidly and then inactivated (w =- 9). In most cells (67%), 
inactivation had a fast component in addition to a ubiquitous 
slow component. In these cells, the fast inactivation time constant 
was 38 ± 9 ms (52 ± 4% of total peak current at 
+10 mV) — twice that seen with 3.4a homomeric channels at the 
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Fig. 3* Kv3.4a channels activate at more negative membrane potentials 
than do Kv3.!b channels, (a) Current recorded in a HEK293 eel! after 
Kv3.4a DNA transfection. Voltage protocol is shown at the top. 
(b) Summary of voltage dependence of Kv3.4a current (open circles, 
n — 4). Boitzmann fit parameters were V h = ~j5 mV, V c = 11 mV. A 
Boltzmann fit of fast DR currents (Fig. ic) is shown in red. (c) Activation 
time constants are plotted as a function of voltage (open circles) and fit as 
in Fig. \ . For comparison, the fit of the FS neuronal data Is shown in red, 



same membrane potential. Although dissimilar to that of homo - 
meric channel currents, this time constant is very close to that 
seen in FS GP neurons at similar potentials (38 ± 8 ms; 38 ± 3% of 
total current at 4 30 mV, n --■ 5). To see if this resemblance extend- 
ed to activation voltage dependence, two types of measurement 
were taken. First, peak currents were measured, converted to con - 
ductance and plotted as a function of step voltage. Second, tail 
currents were measured at the end of the 200 - ms voltage step 
(Fig. 4c). At this time point, homomeric K3,4a channels have com- 
pletely inactivated and do not contribute any detectable tail cur- 
rent (Fig. 4b). If the currents in these cells were simply a sum of 
currents arising from Kv3.4a and Kv3.1b homomers, then the peak 
and tail conductance plots should differ markedly (compare 
Figs. 1c and 3b). Yet, both measures of voltage dependence yield- 
ed very similar relative conductance plots, demonstrating that 
channels with novel properties were created by coexpression of 
these subunits. Moreover, these new channels had an activation 
voltage dependence that was indistinguishable from that of native 
Kv3 channels (Fig. 4d). 

Another important feature of hetero meric channels was that 
they activated rapidly and deactivated at nearly the same rate as 
Kv3.1b homomeric channel currents (Fig. 4e), The combination 
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Fag. 4. Kv3.4a + Kv3.Sb heteromeric channels produce currents with 
properties resembling those seen In neurons, (a) Currents evoked in 
HEK293 ceils co-transfected with Kv3.4a and Kv3.ib cDNAs. Currents 
were evoked by voltage steps (left) or a spike waveform (right). Currents 
were leak subtracted. In most ceils (6/9), current inactivation could be fit 
with fast and slow exponentials; the amplitude of the fast component 
never exceeded SOX of the total current, (b) Overlay of currents evoked 
in HEK293 ceils expressing Kv3. 1 b and Kv3.4a subunits (black) with those 
from HEK293 cells expressing only Kv3.4a subunits (green). Currents 
were normalized by the peak current in each to facilitate comparison of 
time courses, (c) Tali currents from (a) on an expanded time scaje. Note 
that tall currents are clearly present with a test step to -30 mV. 
(d) Activation voltage dependence of the Kv3.4a/3.i b heteromeric chan- 
nels determined from the taii currents at the end of a 200- ms test step 
(n = 9). Means are shown as a function of the preceding step voltage; data 
were then fitted with a first- order Boltzmann function. Fitted parameters 
were = — 14 mV, V c = i 0.3 mV. The Boltzmann fit from the neuronal data 
is shown in red, (e) Activation (above -25 mV) and deactivation (below 
-25 mV) time constants are plotted as a function of voltage; data were fit 
as above. The fit to the neuronal data is shown in red. 



of a relatively low threshold of activation and rapid kinetics led to 
very efficient activation by the action potential waveform (Fig. 4a, 
right). On average, the repolarizing efficiency of the heteromeric 
Kv3.4a/Kv3.1b channels was 0.43 ±0,04 (n ------ 7), compared to 0.42 

for Kv3 channels in FS neurons and 0.09 for Kv3.1b channels. 
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Fig. 5. Single-channei recordings show that coexpression of Kv3. ! b and Kv3.4a subunits results in the formation of a channel with distinctive properties, 
(a) Singie-channe! activity evoked in cell-attached patches by a voltage step from - 1 00 mV to +40 mV. Left, currents of Kv3,4a channels; more than ten 
Kv3,4a channels transiently opened and then decayed to a low open probability with a mean open time of 8.05 ± 0.5 ms. Center, currents of Kv3, 1 b chan- 
nels; the prolonged burst of openings of one channel was interrupted by brief closures. Right, currents produced by two channels in a cell coexpressing 
Kv3.!b and Kv3.4a subunits showed short (t " 1 6 ms) and long (t ~ 250 ms) bursts of openings, (b) Ensemble averages of Kv3.ib, Kv3.4a and 
Kv3. ! b+Kv3.4a channels reveal decay kinetics resembling those of whole-ceil currents. Currents are plotted on a semi-logarithmic scale to better illustrate 
decay kinetics. The Kv3.4a channel current decayed with a time constant of 8.2 ms; Kv3. 1 b + Kv3.4a channel currents decayed bi-exponentiaijy with time 
constants of 1 4 ms (33%) and 273 ms; the Kv3. 1 b channei currents showed little decay, (c) Slope conductance was calculated from the currents measured 
between 0 and 40 mV were 22.5 ± 0.5 pS for the Kv3. 1 b channels (n = 5); 2 1 .0 ± 0.3 pS for Kv3.4a channels (n = 5); 1 2.8 ± 0.3 pS for Kv3. 1 b + Kv3.4a chan- 
nels (n = 5). The conductance of the heteromeric channels was significantly different than the other two conductances (P < 0.05, Kruskal-Wallis). 



To provide additional evidence that heteromeric channels were 
formed by coexpression of Kv3.1b and Kv3.4a subunits, we made 
single- channel recordings. In response to membrane depolariza- 
tion, homomeric Kv3.4a channels showed short openings with a 
mean open time of 8.05 ± 0.50 ms (Fig. 5a, left panel, n = 5). The 
slope conductance for these channels was 21.0 ± 3.5 pS (« :=: 5, 
Fig, 5c). In contrast, homomeric Kv3.1b channels had long open- 
ing bursts interrupted by very brief closures (Fig. 5a, center panel, 
n ------ 9). The slope conductance of these channels was 

22.5 ± 5,0 pS (n ------ 5, Fig. 5c). Channels in cells coexpressing Kv3.1b 

and Kv3.4a subunits had short and long bursts of openings with 
the mean burst durations of 16.2 ± 4=03 ms (33 ± 10% of all 
bursts) and 250 ± 50 ms, respectively (Fig, 5a, right panel, 
n = 11). In spite of the similarity in the amplitude at +40 mV, the 
slope conductance of Kv3.4a/Kv3.1b channels was smaller than 
that of Kv3,lb channels (12.8 ± 3.3 pS; n = 5). Ensemble averages 
were compiled from 30 successive sweeps to compare the kinetic 
features of single channels with those of whole-cell currents. There 
was a very clear correlation in the kinetics of cur rent decay in the 
ensemble averages (Fig. 5b) and those found in whole cell record- 
ings (compare Figs. 1, 3 and 4). The decay time constant of Kv3.4a 
channel currents was similar to the single- channel open time, 
whereas the decay of Kv3.1b and Kv3.4a/Kv3.1b currents was 
strongly correlated with burst duration (see Fig. 5 legend). These 
data corroborate the inference that coexpression of Kv3.1b and 
Kv3.4a subunits leads to the formation of a heteromeric channei 
with distinctive properties, 

The data presented thus far show (i) that several types of FS 
neuron coexpress Kv3.4a and Kv3,l mRNA, (ii) that these two 
subunits coassemble in rat brain and HEK293 cells and (iii) that 



Kv3,4a and Kv3,lb heteromeric channels are formed in HEK293 
cells and these channels capture the key features of native Kv3 
channels in ES neurons. As tliese findings suggest, but do not 
directly show, that Kv3.1 channels incorporate Kv3.4 subunits in 
FS neurons, we took a pharmacological approach to confirm this. 

The Kv3.4 toxin, BDS-I, blocks Kv3 currents in FS neurons 

At low micromolar concentrations, the sea anemone toxin BE>S-I 
blocks homomeric Kv3.4 channels with only minor effects on Kv3.1 
channel currents 17 . In FS neurons, BDS-I slowed the rising phase 
of DR currents evoked by depolarization and reduced their ampli- 
tude, arguing that Kv3.4a subunits contributed to channels under- 
lying these currents (Fig, 6a), To kineticaily identify these channels, 
currents evoked in the presence of BDS- I were subtracted from 
control curre n ts, If BDS-I simply eliminated currents through 
channels containing Kv3.4 subunits, the subtracted traces should 
resemble either homomeric Kv3.4 or heteromeric Kv3.4/Kv3.1 
channel currents. The subtracted currents did not: resemble cur- 
rents arising from either channel type (compare Figs. 3, 4 and 6b). 
With modest depolarization (-10 rnV), the subtracted (difference) 
currents appeared to be slowly inactivating, whereas with stronger 
depolarization (+20 mV), the subtracted currents quickly decayed. 
Similar results were seen in every GP neuron tested (n — 6). To gain 
a better idea of how BDS-I was acting, it was applied to homo- 
meric Kv3.4a channels expressed in HEK293 cells. In this case, the 
toxin slowed the rising phase of the currents but led to larger cur- 
rents later in the step (n --■ 5) (Fig, 6c), This 'cross-over blocking 
pattern is reminiscent of the voltage- dependent block of Kv4 
A- type channels by 4-aminopyridine 1(V9 where initially blocked 
channels unblock with sust ained depolarization. As predicted 
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Fig, 6. BDS-I produces a voltage-dependent biock of currents in FS neu- 
rons and HEK293 ceils, (a) Currents evoked in a STN neuron in the 
presence (red) and absence (black) of BDS-S toxin (2 uM, BDS) by volt- 
age clamp steps shown at the top. (b) Currents at three different volt- 
ages were computed by subtraction of those currents evoked in the 
presence of BDS- 1 from control currents. Note the differences in appar- 
ent inactivation kinetics, (c) Currents evoked in a HEK293 cell express- 
ing Kv3.4a channels by stepping to + 1 0 mV. Black, control currents; red, 
in the presence of BDS-I; green, the subtraction current, (d) Currents 
evoked in a HEK293 cell expressing Kv3.4a/Kv3.lb channels by stepping 
to +30 mV. Same color coding. 



by this model, the BDS-I block of Kv3.4a/Kv3.1b heleromeric 
channels in HEK293 cells was strong at the beginning of a depo- 
larizing step and then waned with maintained depolarization 
(« = 4) (Fig.6d). 

This interpretation also is consistent with the apparent inac- 
tivation recovery kinetics of the BDS-I sensitive current in GP 
neurons. In both heterologous and native expression systems, 
Kv3 channels take seconds to recover from inactivation produced 
by strong depolarization 1 ^ 16 . Here, as in heterologous systems, 
de-inactivation of TEA- sensitive, Kv3 currents at -60 mV was 
slow, taking seconds (Fig. 7a). In contrast, the major component 
of the BDS- I difference currents recovered nearly two orders of 
magnitude faster, taking less than a second at -60 mV (n = 4, 
Fig. 7 b and c). If these currents were attributable to rapidly inac- 
tivating, homomeric, Kv3.4a channels, the recovery should have 
been slow. Rather, the rapid decay of currents during the condi- 
tioning step is attributable to the unbinding of BDS-I from ch an- 
nels containing Kv3.4 subunits; with repolarization, these 
channels re-block, leading to a progressive increase in the differ- 
ence currents and a spurious recovery when the subtraction is 
performed. The speed of re-block is similar to that seen initially 
when BDS-I is applied using a rapid perfusion system (Fig. 7d). 
The slower component of this block is attributable to unblock- 
ing during test pulse, as its magnitude was diminished by decreas- 
ing the rate at which the test pulse was delivered. What do these 
results tell us about the sub unit composition of Kv3 channels in 
GP neurons? Although the voltage dependence of the BDS-I block 
precludes an accurate determination of the kinetic signature of 
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Fig. 7. The recovery of BDS-I sensitive current does not match that of 
Kv3 family channels, (a) Inactivation of TEA-sens stive Kv3 channels 
recovers slowly, over seconds at -60 mV. Voltage protocol used to inac- 
tivate and then de-inactivation currents in a GP neuron is shown at the 
top; initial step to +20 mV is i s, subsequent test steps are 2. i ms. 
Currents were obtained by subtraction as above, (b) In GP neurons, 
application of BDS-I (2 U-M) leads to subtraction currents that rapidly 
decay and then recover quickly, over milliseconds. Currents evoked by 
the protocol at the top in the presence of BDS-i were subtracted from 
currents evoked in its absence, (c) The relative amplitude of the BDS-i 
subtracted currents is shown as a function of time at -60 mV before the 
test step (see b). Data from three neurons was pooled and plotted as 
means (± s.d.) and fitted with a bi-exponential function having time con- 
stants of 3 (41% of total) and 56 ms. There was an additional very slow 
component of the recovery that was not accurately estimated from the 
fits and was attributable to inactivation of Kv3 currents during the initial 
conditioning step. This component was similar to that of the recovery of 
the TEA-sensitive Kv3 current in (a); the fit to this data is shown in (c) 
and labeled 'Kv3 current', (d) Onset of the BDS-i block (2 |lM) was 
determined by measuring the amplitude of currents evoked by a brief 
(2. 1 ms) test pulse to +20 mV from a holding potential of -60 mV. Test 
steps were repeated every 1 00 ms. Data from five neurons are shown 
(mean ± s.d.}, Current decay was fit with a bi-exponential function hav- 
ing time constants of I 1 0 ms (20% of total decay) and 1 .7 s. The relative 
amplitude of the slow component was decreased by increasing the dura- 
tion between test pulses to 400 ms. 



native channels containing Kv3.4 subunits, it is clear thai these 
channels do not inactivate rapidly, as do Kv3.4 homomeric chan- 
nels. Here, BDS-I subtraction yielded slowly decaying currents 
with moderate depolarizations (compare Figs. 3 arid 6b), con- 
sistent with the proposition that Kv3.1 subunits in FS neurons 
form heteromers with Kv3.4 subunits, 

Because it takes more than 5 ms at +20 mV for substantial 
unblocking and because re -bio eking is fast at potentials below 
spike threshold (around -60 mV), BDS-I should function as an 
effective blocker of channels containing Kv3.4 subunits during 
repetitive spiking, Indeed, BDS-I substantially broadened spikes 
in FS neurons (Fig, 8a), much as sub-millimolar concentrations 
of TEA have been shown to in previous studies 13 . On average, 
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the duration of spikes in FS neurons increased 53 ± 13% in the 
presence of BDS-I (2 jiM) and extracellular Ca 2 " (2 mM; to allow 
activation of Ca z+ activated K + channels) (n ------ 4). BDS-I 

produced no obvious change in the rate of rise in the spike and 
didn't significantly alter the inactivation kinetics of Na + currents 
in FS neurons (« --- 3, data not shown, see ref. 17). In addition, 
BDS-I slowed the rate of repetitive spiking evoked by sustained 
current injection in FS neurons (Fig. 8b), in much the same way 
as selective block of Kv3 channels by TEA in cortical inter neu- 
rons 13 . Similar results were seen in three neurons examined with 
extracellular Ca 2+ and in eight of nine FS neurons recorded in 
the absence of extracellular Ca 2H ". Together, the BDS-I data show 
that a functionally critical subset of Kv3 channels in FS neurons, 
if not: all, contain Kv3.4 subunits. 

Discussion 

Previous studies have shown that the FS phenotype depends on 
the expression of a fast DR current 3 . These currents activate rapid- 
ly during the upstroke of the spike, resulting in rapid repolariza- 
tion of the membrane. The narrow spikes characteristic of FS 
neurons minimize Na + channel inactivation, keeping the somat- 
ic and initial segment membrane responsive. Upon repolariza- 
tion, these channels deactiva te quickly, removing any impediment 
to subsequent depolarizing influences. Together, these features 
enable neurons to sustain spiking at high frequencies, 

A broa d array of experimental d a ta support the proposition th a t 
the fast DR channel underlying FS behavior incorporates Kv3,I 
and/or Kv3.2 subunits 3 . But the view that these channels are 
Kv3.1/Kv3.2 homomers or heteromers of just these subunits is dif- 
ficult to support. Although their gating kinetics are rapid, both 
Kv3.1 and Kv3.2 channels activate at significantly more depolarized 
potentials (~20 mV) than do native, fast DR channels. This differ- 
ence is critical. With the properties seen in heterologous systems, 
only a small fraction of Kv3.1/2 channels will open during spike, 
making them very inefficient mediators of fast repolarization. 

Our results show that the re polarizing efficiency of Kv3 chan- 
nels is increased by the incorporation of another subunit into the 
channel complex, the Kv3.4a subunit. Several lines of evidence 
support this conclusion. First, single- cell RT-PCR profiling found 
coexpression of Kv3.4a and Kv3.1 mRNA in FS neurons from the 
GP, STN, inferior coliiculus and hippocampus. On the other 



Fig. 8, BDS-i toxin broadens spikes and reduces spike frequency in FS 
neurons even in the presence of 2 mM Ca 2 " 1 ". (a) Spike evoked in a GP 
neuron in the presence and absence of BDS-i (2 uM) (external solution 
contained 2 mM Ca 2+ ). (b) Repetitive firing in FS neurons evoked by 
intrasomatic current injection was slowed by BDS-I (2 uJM), Note the 
spike broadening in this GP neuron, Similar results were seen in three 
other FS neurons tested. 



hand, Kv3.4 mRNA. was not found in regular spiking neurons 
from the hippocampus, striatum or basal forebrain. Second, co- 
immunoprecipitation experiments showed that Kv3.4 and Kv3.1 
subunits co assemble in brain membranes and HEK293 ceils that 
coexpress Kv3.4a and Kv3.1b subunits. Coexpression of these sub- 
units resulted in HEK293 cells that yielded distinctive single- 
channel currents, and their macroscopic currents resembled those 
of Kv3 channels in FS neurons. Third, BDS-I, a Kv3, 4- selective 
toxin, efficiently b locked TEA- sensitive, Kv3 channel currents in 
FS neurons. Together, these three observations show that Kv3 
channels in many FS neurons contain Kv3.4 subunits. 

Not only do Kv3.4a and Kv3.I subunits coassemble, but their 
association is sufficient to produce channels that strongly resem- 
ble Kv3 channels in neurons. Coexpression of Kv3.4a and Kv3.il> 
transcripts in HEK293 cells yielded currents with a sensitivity to 
BDS-I and TEA like that of native Kv3 channels. Moreover, these 
heterologously expressed, heteromeric channels had activation 
properties that were nearly identical to those of native channels 
and were efficiently activated by a spike waveform, in contrast to 
Kv3.1b channels. Kv3.1b/Kv3.4a channels also had a rapidly inac- 
tivating component (-40 ms) at depolarized potentials, much 
like native Kv3 channels and unlike Kv3.1b channels. Inclusion 
of the Kv3,4a splice variant was essential to mimic native chan- 
nels, as heteromers containing Kv3.4b or Kv3.4c subunits acti- 
vated at potentials similar to those of Kv3.1 homomeric channels 3 
(unpub. observ.), On the face of it, this seems at odds with pre- 
vious studies of Kv3.4a channels expressed in Xenopus oocytes 
where they activated at more depolarized membrane potentials 16 . 
However, the half-activation voltage of Kv3.4a channels in these 
studies was 10 -20 mVmore negative than that of Kv3. 1/3.2 chan- 
nels in the same preparation (as found here), suggesting that 
post-translational processing in mammalian cells shifts the volt- 
age dependence of ail Kv3 channels. 

The small deviations in the inactivation and activation 
kinetics of the Kv3.4a/Kv3.1b channels in HEK293 cells from 
those in FS neurons may be attributable to differences in sub- 
unit stoichiometry. Both biophysical parameters were biased 
toward those of Kv3.4a channels in our studies, indicating that 
this subunit may have been expressed at relatively high levels. 
The differences also may be clue to inclusion of Kv3.4c sub - 
units in channels from FS neurons. The mRNA for this splice 
variant was found in all tested FS neurons, along with that of 
Kv3.4a. By varying the mix of Kv3.4a, Kv3.4c and Kv3.1 (or 
Kv3.2) subunits, it may be possible to 'tune' the properties of 
fast: DR channels to the particular needs of a neuronal class. 
This strategy - forming heteromeric channels to tune gating 
properties — is apparently common in the construction of K H ~ 
channels in excitable cells 20 "" 23 . This rinding also suggests that 
alterations in subunit composition could be used to alter the 
functional properties of neurons in disease states. For exam- 
ple, in Parkinson s disease (PD) the FS neurons of the STN and 
GP discharge in high-frequency bursts 24 *". This pattern of dis- 
charge is thought to be critical to the emergence of PD motor 
symptoms and serves as a rationale for deep-brain stimulation 
and lesioning 26 . The suppression of Kv3.4a expression in STN 
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neurons could prove to be an effective therapeutic alternative in 
that it should selectively eliminate high-frequency bursts with- 
out otherwise disrupting neuronal function. 

Although the inclusion of Kv3.4a sub-units in Kv3.1 channels 
increases their efficiency in spike repolarization in some FS neu- 
rons, other mechanisms could serve a similar end. It is clear from 
our imm unoprecipitation experiments that much of the Kv3.Ib 
protein in the brain is not associated with Kv3.4 protein. More- 
over, in some brain regions, there are FS neurons but Kv3.4 mRNA 
appears to be absent. One such area is the medial nucleus of the 
trapezoid body (MNTB). In FS MNTB neurons, the voltage 
dependence of Kv3 channels is shifted toward more negative mem- 
brane potentials by dephosphorylation of the channel or a close- 
ly related protein 2 '« Kv3.1 channels expressed in CHO cells are 
constitutively phosphory] ated by casein kinase II an d affected by 
dephosphorylation in much the same way 2 ', Kinetically slower, 
Kv2.1 DR channels also are phosphory! a ted early in their biosyn - 
thesis with a similar consequence for gating 28 . Could differential 
phosphorylation provide an alternative mechanism for regulat- 
ing the gating of Kv3 channels? Perhaps, but phosphory! ated 
MNTB Kv3 channels activate in a voltage range that is similar to 
that of the neuronal Kv3 channels studied here, which is signifi- 
cantly more negative than that of heteroiogously expressed Kv3.i 
channels 27 . Another possibility is that an as-yet- unidentified acces- 
sory subunit is capable of modifying Kv3 channel gating in FS 
MNTB neurons, in much the same way as incorporation of the 
Kv3.4a subunit does in the neurons studies here 25 . 

A cardinal feature of voltage-gated K" 1 " channels is that the 
pore-forming region can be heteromeric, being composed of four 
independent subunits. The ability of Kv3.4a subunits to modify 
the gating of Kv3.1b channels illustrates how this capacity can be 
used to 'tune' properties to particular functional needs. By vary - 
ing the stoichiometry of Kv3.4a. and Kv3.4c subunits in the chan- 
nel complex, a range of gating behaviors may be possi ble, 
effectively controlling the neuronal dynamic range. Manipula- 
tion of Kv3.4a expression could prove to be a useful and power- 
ful means of cor] trolling this FS range in disease states such as 
Parkinson's disease, where symptoms have been linked to episod- 
ic, high-frequency discharge. 

Methods 

Tissue preparation. Neurons from the GP, STN, inferior colliculus and 
CA1 of hippocampus from young aduit rats were acutely dissociated, 
using procedures similar to those we have described previously 00 and 
approved by the Northwestern University Animal Care and Use Com 
mittee. Hippocampai interneurons and GP were identified as CaMKII 
negative, GAD67 and parvalbumin positive neurons by single- cell 
RT-PCR detection of corresponding mRNAs following physiology exper 
iments (see below). 

Electrophysioiogy. Whole ceil recordings were done by standard tech 
mques 3u '- \ The internal solution consisted of 30 90 mM K 2 S0 4 , 0 -60 mM 
AT-methyl-D-glucamine, 2 mM MgCi 2 , 40 mM HEPES, 5 mM EGTA, 12 
mM pliosphocreatine, 2 mM Na 2 ATP, 0.2 mM Na^GTP and 0.1 mM leu 
peptin, pH 7.2 with H 2 S0 4 (osmolarity 260-270 mOsm/1). The external 
solution consisted of 140 mM sodium isethionate, 2 mM KCl, 4 
mM MgCl 2 , 10 mM HEPES, 12 mM glucose and 0.001 mM TTX, pH 7.35 
with NaOH (osmolarity 295 305 mOsm/i). The internal solution for cur- 
rent ciamp recordings consisted of 110 mM potassium methylsulphate, 
2 mM MgCi 2 , 40 mM HEPES, 5 mM EGTA, 12 mM phosphocreatine, 2 
mM Na 2 ATP, 0.2 mM Na 3 GTP and 0.1 mM leupeptin, pH 7.2 with H 2 S0 4 
(osmolarity 260 - 270 mOsm/1). In the case of current- clamp recordings, 
TTX was omitted from external solution. For the recordings in the pres- 
ence of Ca 2 h ions, EGTA was omitted from internal solution and 4 mM 
of MgCl 2 was substituted by 2 mM of CaCl 2 and 2 mM of MgCl 2 . All 



drugs were obtained from Sigma (St. .Louis, Missouri) except BDS-I, which 
was from Alomone Labs (Jerusalem, Israel). Solutions were applied by a 
gravity-fed sewer pipe system. Recordings were obtained with Axon Instru- 
ments 200 patch-clamp amplifier and controlled and monitored with a 
PC running pClamp 7.0 software (Axon Instruments, Union City, Cali- 
fornia). Electrode resistance was typically 1,5-2.2 MQ in the bath. After 
seal rupture, series resistance (2-10 MCI) was compensated (75-90%) and 
periodically monitored. For application of action potential waveforms, 
the cells were selected for relaxation times <0.3 ms. Potentials were not 
corrected for the liquid junction potential, which was estimated to be 
1-2 raV. All averaged data is presented as mean ± standard error of the 
mean (s.e.m.). All data fits were obtained using Igor Pro software (Wave- 
Metrics, Lake Oswego, Oregon) by least-square method. Activation data 
were fit with a Boltzmann equation of the form: \l( 1 -\ exp(( VV - V)/V c ), 
where V stands for membrane potential. In the case of Kv3.4a current, an 
estimate of peak current was obtained by single exponential fit of decay 
phase extrapolated to the start, of test pulse. In all other instances, the volt- 
age dependence of the currents was obtained from the amplitude of tail 
currents measured following 200 ms long voltage steps, 

Single-channel recordings were made from HEK293 cells using the 
cell- attached variation of the patch ciamp technique, HEK293 cells were 
transacted with Kv3.1, Kv3.4 or both Kv3.1 and Kv3.4 cDNA. The patch 
pipettes were pulled from 0.8 mm (id.) borosiiicate glass capillary tubes 
with filament (G150F-4, Warner Instrument Corp., Hamden, Connecti- 
cut) to the final resistance of 15 MQ. when filled with extracellular record- 
ing solution. The electrodes were coated with a semiconductor protective 
coating material R-6101 (Dow Corning Corporation, Midland, Michi- 
gan) and fire-polished, The signals were recorded using an Axopatch 200 
amplifier and stored in a microcomputer via analog- to-digital converter. 
From a holding potential of -100 mV, patches were depolarized to poten- 
tials between 0 and +40 mV (700 ms). The resting membrane potential 
measured at the end of experiments was typically -40 mV. The temporal 
properties of single-channel events were analyzed with pClampS soft 
ware. The slope conductance was calculate from the single channel cur 
rents measured between 0 and 40 raV. Closed times <5 ms were 
considered to be part of a burst; the mean closed time within unam - 
biguous bursts was 1.5 ms. Using this criterion, the probability that a gap 
or closing within a burst will be misidentifted as a between -burst clos- 
ing is less than 5%. 

Single ceil RT-PCR (scRT-PCR). Two types of scRT-PCR profiling were 
performed. To maximize mRNA yields, some neurons were aspirated 
without recording. Isolated neurons were patched in the ceil -attached 
mode and lifted into a stream of control solution. Neurons were then 
aspirated into an electrode containing sterile water. In other experiments, 
neurons were briefly subjected to whole- cell voltage-clamp recordings 
before aspiration. In these cases, the electrode recording solution was 
made nominally RNase-free. RT procedure was performed using Super - 
script First-Strand Synthesis System (Invitrogen, Carlsbad, California). 
Primers for PGR were as previously described 19 '-' 2 ' 33 . 

Heterologous expression. Kv3.4a and Kv3.4c cDNA was sub cloned into 
pcDNA3 (Invitrogen). Kv3.1b cDNA clone was a gift from B. Rudy. 
HEK293 cells (gift from R, .Miller) were transfected using Fffeetene Irans- 
fection Reagent (QIAGEN, Valencia, California). Cells were used for 
whole -cell recordings or harvested for membrane extraction 36-60 h 
after transfection. In the case of co transfection with Kv3.4a and Kv3.1b 
cDNA, single ceil RT-PCR was used to confirm the presence of both 
mRNAs in the recorded cell. The presence of both inactivating and non- 
inactivating components of potassium current was an additional crite- 
rion for cell selection. 

Immunoprecipitation. The crude membranes were soiubilized in lysis 
buffer (1% Triton X-100, 150 mM NaCl, 1 mM EDTA, 10 mM Tris-HCl 
pH 8,0) containing a protease inhibitor mixture 34 . Samples were incu- 
bated for 1 h at 4 °C on a rotator, followed by addition of anti-Kv3.1b 
or anti -Kv3.4 antibodies (Alomone Labs) and further incubation for 1 h. 
Then protein A -sepharose was added. After 45 min incubation, protein 
A-sepharose was pelleted by centrif ligation at 10,000gfor 30 s, and 
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resulting pellets were washed six times with lysis buffer. The final pel- 
lets were re-suspended in reducing SDS sample buffer. 

SDS -poly aery] amide gels and imrnursoblottmg. Products of imrauno- 
precipitation reactions were size-fractionated on a 10% SDS- 
polyacryiamide gel. After electro phoretic transfer to nitrocellulose, the 
resulting blots were blocked in Blotto, incubated in Anti Kv3.1b or Anti 
Kv3.4 antibodies for 1 h, and washed four times in TBS, Blots were then 
incubated in HRP- conjugated secondary antibody (PerkinElmer, Boston, 
Massachusetts) and washed four times in TBS, followed by Chemilumi- 
nescence Reagent Plus (PerkinElmer). 
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